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ABSTRACT
ALIGNMENT OF DIBLOCK COPOLYMERS WITH ELECTRIC FIELDS
FEBRUARY 2002
JASON DEROUCHEY, B.S., UNIVERSITY OF TEXAS-DALLAS
M.S., UNIVERSITY OF MASSACHUSETTS-AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS-AMHERST
Directed by: Professor Thomas P. Russell
The use of electric fields to control the orientation of copolymer microstructures
in a thin film geometry is demonstrated. Copolymers of polystyrene-block-poly(methyl
methacrylate), P(S-b-MMA), and polystyrene-block polyisoprene, P(S-b-I), were
prepared by living anionic techniques for use in this study. An emphasis was given on
scattering and reflectivity techniques to elucidate information regarding the mechanism
of alignment. Alignment is understood, for all copolymer systems, in terms of a simple
dielectric body argument whose energy is dependent on a dielectric mismatch parameter.
The observed pathway along which the alignment is realized depends on the
initial state of the sample. Vastly different behavior is observed for thick films, where
the effect of the substrate can be effectively ignored, and thin films, where the surface
interactions dominate. In thick films, the alignment mechanism was followed via in-situ
small angle scattering (SAXS) experiments and proceeds via disruption of the grains of
the copolymer microdomains with a subsequent rotation of the grains along the field
direction. Observed similarities in alignment of diblock and triblock copolymers, further
strengthen the grain rotation argument. If alignment occurred by an enhancement of
vii
mterfacial fluctuations or a mechanism requiring a molecular response, distinct
differences in the alignment mechanism between the di- and triblock copolymers would
be evident. Additionally, it was observed that if a copolymer system is allowed to relax
between applied fields, the resulting final alignment was found to be better than the
alignment achieved under a constant applied field. This indicates that, under a constant
applied field, the copolymer is trapped in a non-equilibrium state that can be overcome
by allowing a partial relaxation of the system.
In thin films, a direct competition between the interfacial interactions and the
electric field force is observed. Complete reorientation occurs only when the applied
field overcomes the interfacial interactions. This occurred at a well-defined threshold
electric field strength, E
t , and was observed to be independent of the film thickness over a
range of thicknesses. In these thin films, the mechanism of alignment must proceed
through a fluctuation pathway where the applied electric field amplifies the fluctuations
until alignment is achieved. Preliminary neutron reflectivity data shows a large
disruption of the surface-induced parallel orientation by the electric field that is directly
related to the electric field strength, the interfacial interactions, as well as the copolymer
initial state. This is consistent with an electric-field induced fluctuation disrupting the
surface-induced lamellar stacking.
viii
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CHAPTER 1
INTRODUCTION
1.1 Overview of the Dissertation
This thesis is divided into five parts. Chapter 1 gives a general introduction to
this research and outlines it's relevance. Included in Chapter 1 is an outline of the
experimental and theoretical background previously performed on electric field
alignment. Chapter 2 describes the synthetic materials chosen for this work. A set of
criterion for the copolymers chosen in this study are given and discussed with relevance
to potential different alignment mechanisms that might be induced. A full account of the
synthetic techniques used to synthesize well-controlled block copolymers of specified
molecular weight and composition is also included. Chapter 3 and Chapter 4 outline the
electric field alignment experiments preformed with polystyrene-block-poly(methyl
methacrylate) and polystyrene-block-polyisoprene, P(S-b-MMA) and P(S-b-I),
respectively. Developing an understanding of the mechanism of alignment in these
materials was a priority and the major properties that influence the mechanism. As
discussed within, different behavior was observed based on film thickness, as well as the
copolymer state before alignment. Throughout this work, an emphasis is given to small-
angle scattering techniques to elucidate details of orientation and alignment mechanism
details. Chapter 5 discusses initial reflectivity work designed to investigate the effect of
varying surface interactions on the electric field alignment mechanism in thin films (<
lfim) of a lamellar P(S-b-MMA) copolymer. Lastly, Appendix A discusses the use of
oriented copolymer films as tailored nanostructured templates.
1
1.2 Relevance
In recent years, nanometer scale structures have garnered significant interest due
to their potential use in a wide-range of applications from optics to the microelectronics
industry. While electron beam lithography offers the advantages of precision and
accuracy in forming sub-micron and nanometer sized structures, a great limitation is the
time required to produce structures over large distances effectively limiting the size scale
over which lithographic features can be produced in a suitable time period. Consequently,
much work has focused on self-assembling systems that can produce periodic arrays on
the nanometer length scale. ' To these ends, various synthetic systems have been
investigated, like block copolymers
3
'
4
,
surfactants
5
,
and colloidal suspensions
6
,
with an
emphasis on ever-increasing control over the size scales and phase structures that can be
formed. A substantial limitation of most of these systems is a lack of control over the
orientation of the microdomains.
A block copolymer consists of two different polymer chains covalently bound
together at one end. Since most polymers are immiscible, the chains phase separate when
the product of the Flory-Huggins segmental interaction parameter (x) and the degree of
polymerization of the polymer (N) exceeds 10-15 for strongly segregating copolymers.
7
Due to the connectivity of the blocks, the phase separation is limited to being molecular
in size and, therefore, copolymers self-assemble into ordered arrays of nanometer-size
microdomains. By varying the relative block lengths, block copolymers self-assemble
into ordered arrays of spheres, cylinders, and lamellae.
4
This makes block copolymers
prime candidates for use in many nanostructure fabrication techniques that are currently
2
being developed. 8
" 10
It has previously been shown that external fields, such as
mechanical shearing 11
,
interfacial interactions
12-17
and electric fields 18
'22
, can be used in
conjunction with diblock copolymers to produce well-ordered arrays of oriented
nanoscopic domains. Once oriented, these films provide a powerful tool for making
tailored nanostructured templates for use in a myriad of applications including
membranes and ultra-high density nanowire arrays.23,24
Prior work using an electric field to orient bulk block copolymer samples showed
that, while effective in orienting, numerous obstacles were inherent with the use of an
electric field. The observed incomplete alignment, slow kinetics, and high voltages
necessary for electric field alignment made conventional mechanical alignment
techniques more suitable for bulk films. This work will focus on the use of electric fields
to orient thin films of diblock copolymers. In thin films, mechanical methods are no
longer useful since particulate impurities always present in polymeric material, preclude
good contact with the sample. Additionally, it is a straightforward matter in thin films to
generate large electric fields in thin films with relatively small, applied voltages. Beyond
the scope of nanotemplating, these samples also allow us to the opportunity to more fully
understand the underlying physics inherent in the kinetics and mechanism of
reorientation under the applied field.
1.3 Background
Initial studies on the electric field orientation of diblock copolymers were
1
8
reported in 1991 by Amundson and co-workers on P(S-b-MMA) copolymers in bulk.
They used a relatively low molecular weight lamellar diblock copolymer (Mw = 37000)
3
that had an accessible order-disorder temperature (ODT). After heating to either 14° or
30°C above the ODT for 10 minutes to remove the thermal history of the sample, an
electric field of approximately 2 V/um was applied. The final orientation was examined
with small angle x-ray scattering (SAXS). Later work focused on the kinetics and
mechanism of alignment from the ordered state in the presence of an electric field. 19 ' 20
Samples were aligned above the glass transition temperatures of the two block polymers
(Tg) but below the ODT of the copolymer. The birefringence of these copolymer samples
was measured as a function of temperature, field strength and thermal history by in-situ
birefringence measurements as a function of time under applied field. The birefringence
in these samples is directly proportional to the orientational order parameter, S, where
3 1
S m — (cos 2 6)—
.
Therefore, birefringence can be used to directly measure the degree
of alignment of the copolymer as a function of time. Subsequently, the copolymer
orientation and location of defects of the microstructure was followed selectively by
transmission electron microscopy (TEM) experiments. Though alignment of the
copolymer domains was achieved by an electric field, it was the conclusion of the authors
that this technique could not compete with well-known flow alignment methods due to
the slow kinetics and incomplete alignment observed, hi addition, the high voltages (lkV
or more) used to achieve the necessary field strengths in the bulk samples were
considered a major disadvantage.
This work was later extended to the case of in-plane alignment in thin films by
Morkved et al. 21 Alignment was done on a silicon nitride membrane onto which
prefabricated gold electrodes were evaporated with a separation distance of 4 um.
Silicon nitride is mechanically robust and transparent to electrons, thus allowing for TEM
4
to be performed directly on the oriented samples following alignment. Films of an
asymmetric P(S-b-MMA) copolymer having a hexagonal close-packed cylindrical
morphology were prepared where the film thickness corresponded to a single layer of
cylindrical microdomains, i.e. one lattice period. In the absence of an electric field, it
was shown that the cylinder orientation was random, establishing that the electrodes did
not induce a preferred orientation of the cylinders. Annealing the film under an applied
electric field of -3.75 V/um, resulted in a nearly one-to-one mapping of the cylindrical
copolymer domains along the electric field lines. In the center of the electrodes where
the field lines are expected to be straight, the cylinders oriented perpendicular to the
electrode surfaces, i.e. with the cylindrical long axis parallel with the electric field lines.
Outside the central gap region, where edge effects are present, the cylinders also mapped
the curvature of the field lines. Good alignment was observed for field strengths greater
than 3 V/um. One major disadvantage of this work is the limitation of the alignment
area. As one separates the electrodes, the voltage necessary to achieve comparable field
strengths becomes difficult to achieve. This was subsequently circumvented by the use
of interdigitated electrodes that allowed for the scale-up of in-plane alignment over large
areas.
25
The focus of this thesis work will be the use of electric fields to align copolymer
domains perpendicular to an electrode in the thin film geometry where mechanical
alignment is no longer valid. In the case of thin films, one can more easily induce large
electric fields with the use of relatively small voltages due to the small electrode gaps.
Out-of-plane alignment will serve as an ideal candidate for making functional
nanotemplates where the template can be easily extended over a very large lateral area.
5
I-4 Why do copolymers align in an electric field?
After the initial bulk experiments of Amundson et al., 18 arguments emerged as to
the origins of the alignment of block copolymers by an electric field. A short summary
of two competing theories will be given below to help elucidate the motivations for some
of the experiments and materials described within this thesis.
1-4.1 Monomer polarizability in an electric field
Within the framework of the random phase approximation, a theory on the
microphase separation of diblock copolymers in an applied field near the spinodal point
was discussed by Gurovich. 26
"28
The random phase approximation for microphase
separation in block copolymer systems was initially developed by Leibler. 7 The crux of
this work was that the copolymer phase diagram depended only on two parameters,
namely the product %N and
<t>A where % is the Flory-Huggins interaction parameter, N is
the degree of polymerization and
<J>A is the fraction ofA chains relative to the total degree
of polymerization. The random phase approximation is based on the idea that in a dense
homopolymer melt, chains are gaussians. By extending the work of Leibler to
incorporate different monomer polarizabilities, v, in an electric field, Gurovich found the
existence of four different universal types of behavior under an applied field. The main
affect of v in an applied field is a subsequent change in the Gaussian nature of the
individual blocks. By definition, a positive v results in the chain stretching in the
direction of the field and a negative v results in chain stretching normal to the applied
field. These four universal classes are represented schematically in Figure 1.1 with black
6
and white representing the chains of polymer A and B, respectively. By reintroducing
these modified chain distributions into the random phase approximation, one can then
recalculate the phase diagrams for these four classes, which each showed unique
characteristics. Dependent on class, volume fraction ft) and XN, the phase diagrams
showed various behavior such as lamellae parallel, perpendicular or tilted with respect to
the direction of the electric field; dependence of the lamellar period on electric field
strength; and shifts in the transition temperatures to values of xN < (xN)0 for disordered
to lamellar and lamellar to hexagonal phase transitions.
Our calculations suggest, especially for polymers with dipoles on the side chains
of the copolymer, such as P(S-b-MMA), the monomer polarizability effect is not likely to
be relevant until electric field strengths above the dielectric breakdown strength of the
copolymer ( > 50 V/(im). This molecular dipole argument may become important
however for polymers with a dipole moment along the backbone chain, known as a type-
A dipole, where the individual dipoles may be weak but the cumulative affect of
hundreds of dipoles together could be of consequence.
1.4.2 Electrostatic Interaction with composition variation
With his initial experimental work on bulk alignment, Amundson also put forth a
theory for copolymer alignment based on treating the system with a simple bulk dielectric
body argument. By applying an electrostatic field to a dielectric material, the free energy
29
is reduced by an electrostatic term
F = F0 -^-l y s(r)\E(r)\
2
d 3 r , (1)
7
Class A : va = vb
Class C : va # vb
va , vb > 0
Figure 1.1: Schematic representation
separation in an electric field
8
-A
Class B : v a * vb
v a >0 vb <0
Class D : va * vb
va , vb < 0
four universal classes of microphase
8
where F is the free energy of the system, F 0 is the free energy without an applied field,
e(r) is the local dielectric constant and E(r) the electric field. The integral is taken over
the volume of the dielectric material. Various composition patterns within a block
copolymer, such as lamellae or cylinders, have an associated varying local dielectric
constant, which in turn produce different contributions to the free energy in an electric
field. If the copolymer domain is anisotropic in shape, there will be an orientational
dependent contribution to the free energy. In his subsequent work 19
,
Amundson goes
through the derivation for the electric field contribution to the free energy for different
copolymer morphologies.
In a block copolymer, the local dielectric constant is a function of the local
composition pattern, y/{r). Expanding about the condition of vanishing amplitude to
second order of the compositional pattern, one calculates the local dielectric constant as
where 8d is the dielectric constant in the limit of vanishing stationary composition pattern
and includes effects of dynamic composition fluctuations and p is a measure of the
sensitivity of the dielectric constant to composition change, i.e. (3 = del dys . By solving
Maxwell's equation for the parallel plate capacitor geometry in these systems, one can
obtain the Fourier transform of the electric field to first order as
e(r) = £ D (r) + /3y/{r) +
1 d 2 £
2 d y/
2 (2)
E (k ) = I- P f (k)e k i k E o (3)
£ n
9
where e
k
is the unit wave vector and y/(k) is the Fourier transform of the composition
pattern, t//(r)
.
Combining these one can now derive a general expression for the
electrostatic contribution to the free energy
F-F. =
1
" 8Vr
°
E
K
8d J
P fKkM-k)(e^e
z
)Vk (4)
to second order in the stationary composition pattern. The integral is taken over the wave
vector conjugate of the space vector r. e
z
is the unit vector in the direction of the applied
field, E0 . (<c) is the space-averaged dielectric constant and is given by
d 2 e
dy/ 2
(5)
On the right side of equation 4, the first term is simply the electrostatic energy for a
material with the space average dielectric constant given by <e>, which is isotropic and
does not contribute to alignment. It is the second term on the right hand side of equation
4 that is the contributing aligning force for anisotropic microstructures. Amundson went
on to derive the specific electrostatic contribution for two different microstructures: a
cylindrical morphology in the weak segregation limit and a lamellar microstructure.
Defining e
c
as the unit vector in the direction of the cylindrical axes, Amundson
calculated for cylindrical microdomains an electrostatic contribution of
F - F,. 1
8/r
D E 0
2 1
2 V 8 D )
€
D
6
10
Similarly defining e
q
as the unit wave vector of a lamellar long axis, it was shown that
lamellar microdomain would have an electrostatic contribution of
F - F
8/r
D
K
S D
,
2 )E-(e 9 .e z )
2 ]-
D
(7)
where only the first term in the brackets is anisotropic and therefore contributing to the
aligning force. It is apparent that the force of alignment will be proportional in both
cases to the applied electric field squared, |E0 |
2
,
the mean square of the composition
pattern strength, (w 2 ) , and the material parameter p
2
/sD .
It should be noted that the anisotropic component to the free energy is quite small
To have the free energy difference between aligned and misaligned orientations of a
region to equal kBT, where kB is Boltzmann's constant (1.38 x 10"23 J/K) and T is
temperature, using comparable values for the material parameters and electric field
strengths as used in these experiments, the region must be on the order of a couple
hundred nanometers. Thus, it is only the combination of the electric field acting on a
copolymer, which self assembles with inherent long-range order, that the electric field
aligning forces are important.
1.5 Goals of Research
The goal of this research is the alignment of copolymer microdomains normal to
an electrode surface through the use of external electric fields. We are most interested in
elucidating details of the mechanism of alignment in these copolymer systems. An
emphasis is given throughout this work to characterization of samples by small angle x-
ray and neutron scattering, SAXS and SANS, respectively. Establishing copolymer
11
orientation requires an understanding of both the initial and final states of the copolymer.
Tilt studies were therefore used before and after electric field application to fully
characterize the copolymer orientation in establishing the success and degree of
alignment in these materials.
Additionally, a major focus was placed on obtaining a more detailed
understanding of the kinetics and mechanism of alignment for copolymers under an
external electric field. It will be shown that the alignment mechanism is vastly different
for samples where surface forces can be ignored (thick or bulk films) in comparison to
samples where surface forces are significant (thin films). Also, the mechanism of
alignment is influenced by the initial copolymer state (i.e. disordered or ordered state).
Additionally, two copolymer systems were chosen in this work to investigate the
possibility of different alignment mechanisms being present based on different molecular
and material properties of the copolymer.
Finally, we are also driven to demonstrate the use of these aligned copolymer thin
films as working nanotemplates. Dependent on the copolymer domain structure, various
templates could be made as depicted in Figure 1 .2. Details of the templating process will
be discussed in Appendix A.
0
12
I emplate for nanowircs (stripes) or diffraction grating
Figure 1.2- Block copolymer templates for nanostructures
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CHAPTER 2
BLOCK COPOLYMER SYNTHESIS
2.1 Copolymer Synthesis
Living anionic synthetic procedures were used to synthesize diblock copolymers
with controlled molecular weight and composition. This required a double manifold
apparatus to provide both vacuum and nitrogen to a closed reaction system. Specialty
glassware incorporating Teflon stopcocks was prepared to allow for closed trap-to-trap
distillations and reaction vessels. Details on the glassware and vacuum line are found
elsewhere.
1
2.2 Synthetic Criterion
One goal of this work is to show that the electric field aligned samples are good
candidates for nanostructured templates. Consequently, copolymers were chosen that
would allow for the preferential degradation of one block. Rather than focusing on
alignment of numerous diblock copolymers, two systems were chosen that could be
studied in detail and could differentiate between the two alignment theories discussed
previously. Finally, it was desirable to have copolymers that could be synthesized in a
straight-forward manner and have many basic physical quantities, such as the Flory-
Huggins interaction parameter, %, and dielectric constants, well established in the
literature. On the basis of the above criterion, two copolymers were chosen, namely
polystyrene-block-poly(methyl methacrylate), P(S-b-MMA), and polystyrene-block-
polyisoprene, P(S-b-I). For comparison studies with P(S-b-I), a third copolymer was also
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used, polystyrene-block-polybutadiene P(S-b-B), but due to the inherent difficulties of
dealing with the gaseous butadiene monomer, this material was purchased.
2-3 Styrene-Methyl Methacrylate Copolymer Synthesis
Diblock copolymers of P(S-b-MMA) with varying volume fractions were
synthesized by established living anionic methods. 2 Styrene and methyl methacrylate
monomers were distilled over calcium hydride (CaH2) prior to the synthesis.
Immediately prior to copolymer synthesis, styrene was distilled a second time over
dibutyl magnesium (MgBu2 ). Additionally, methyl methacrylate was degassed via freeze
pump thawing and distilled over trioctylaluminum. The initiator used for all the
copolymers was sec-butyl lithium and the copolymer reaction was carried out at -78° C
in tetrahydrofuran (THF). Due to the high reactivity of the styrenyl anion, 1, 1-diphenyl
ethylene (DPE) was used as a moderator between the blocks to lower the styrenyl anion
reactivity and prevent possible side reactions at the ester functionality of the methyl
methacrylate. The synthesis reaction scheme is shown in Scheme 2.1. Reaction under
these conditions is known to be quite fast, so each block was allowed to react for
approximately one hour. Preceding the addition of the methyl methacrylate block, a
small aliquot of the living PS block was removed from the reaction. This PS block was
subsequently terminated and characterized by gel permeation chromatography (GPC) to
obtain the number average molecular weight, Mn , and the polydispersity index, PDI, of
the first block of the copolymer. Following the reaction of the second block, the
copolymer was terminated with a small amount of degassed methanol. Subsequently, the
polymer was then precipitated into methanol and dried under vacuum. Further
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purification was performed via Soxhlet extractions to remove any trace homopolymer by-
product. This P(S-b-MMA) synthesis is well established in the literature and allows one
to easily access the full range of copolymer composition by controlling the amount of
monomer sequentially introduced into the reaction vessel. In obtaining desired molecular
weights of a block copolymer and its constituent blocks it is necessary to know the exact
initator concentration. Reactions were, therefore, performed periodically to synthesize
polystyrene homopolymer to determine the initiator concentration. A tabulation of the
Scheme 2. 1 P(S-b-MMA) Synthesis Scheme
P(S-b-MMA) copolymers prepared is given in Table 2.1 including the calculated volume
fraction of the polystyrene block,
<J>PS , and M n and PDI for both the PS homopolymer and
the diblock copolymer.
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Table 2.1 - Styrene-Methyl Methacrylate Copolymers Synthesized
Desc.
<!>ps PS M„ PS PDI DB M„ DB PDI
P(S-b-MMA) 0.9 69,981 1.025 77,100 1.026
P(S-b-MMA) 0.7 47,270 1.045 71,362 1.108
P(S-b-MMA) 0.7 44,278 1.018 66,164 1.034
P(S-b-MMA) 0.5 33,148 1.028 71,933 1.070
P(dS-b-MMA) 0.5 14,094 1.035 30,529 1.074
P(dS-b-MMA) 0.5 14,931 1.032 32,135 1.065
P(S-b-MMA) 0.3 21,791 1.068 80,842 1.123
P(S-b-MMA) 0.1 5,755 1.170 66,223 1.136
P(S-b-MMA) meets many of the criteria set forth previously. It is a common
diblock copolymer whose synthesis and characterization are well-established. This
copolymer has been investigated in the past with much knowledge already gained
surrounding the phase diagram and physical constants. 3 ' 4 The PS and PMMA blocks
have a relatively large difference in dielectric constant; which is ideal for investigating
the bulk dielectric argument of Amundson and coworkers. 5
"7
For amorphous polystyrene,
the dielectric constant at 25°C and 1kHz is eps = 2.49-2.55 while under the same
conditions Epmma = 3.0. At low frequencies, which would be more comparable to the DC
fields that will be used in these experiments, £pmma increases to approximately 3.6 while
£ps is nearly unaffected. PS and PMMA are known to have significantly different
photodegradation properties. Upon exposure to ultraviolet light (UV) or electron beam
irradiation, PMMA degrades via a chain scission reaction. 8 PS, on the other hand, has
been shown to crosslink, degrade and oxidize under various UV conditions.
9 Due to
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probable swelling of the PS matrix by the monomeric by-products of the MMA chain
scission, and it's resulting depression of the PS glass transition temperature (Tg), it is
crucial to simultaneously crosslink the matrix to maintain mechanical properties of the
template. As outlined in Figure 2.1 , conditions should be found which maximize
crosslinking in the PS block while simultaneously degrading the PMMA to make viable
nanotemplates. These conditions were met and these oriented copolymer films have
proven to be a useful means for creating a variety of nanostructures. 10, 1
1
These
conditions are described in detail in Appendix A
Orient film normal to
substrate with electric field.
Copolymer on substrate Oriented film on substrate
UV Radiation
»
Degrade minor component
and crosslink matrix
w itli UV radiation
Oriented film on substrate Oriented nanotemplate
Figure 2.1 - Schematic of tcmplating P(S-b-MMA) via UV radiation for an oriented
hcxagonally close-packed cylindrical system.
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2-4 Styrene-Isoprene Copolymer Synthesis
The synthesis of P(S-b-I) has been published and has some similarities to the
synthesis of P(S-b-MMA). 2 ' 12 Styrene and isoprene monomers were distilled initially
over calcium hydride (CaH2 ) prior to the synthesis. Shortly before synthesizing the
copolymer, both styrene and isoprene were distilled a second time over dibutyl
magnesium (MgBu2 ). The initiator was sec-butyl lithium, with the reaction carried out
at room temperature in benzene. No linking agent is necessary between the styrene and
isoprene blocks for the P(S-b-I) synthesis, and it does not matter which block is
synthesized first, since both monomers can initiate the other. Throughout this thesis
work, the styrene block was always synthesized initially. Due to the slow reaction of
these monomers under these conditions, each block was usually given approximately 8
hours to react to ensure complete monomer incorporation. Preceding the addition of
isoprene monomer, a small aliquot of the living PS block was removed and characterized
by GPC forMn and PDI. After the addition of the second block, the copolymer reaction
was terminated with a small amount of degassed methanol. The final copolymer was
subsequently precipitated in methanol with dissolved butylated hydroxytoluene (BHT)
which acts as a radical stabilizing agent. The synthesis schematic for P(S-b-I) is shown
in Scheme 2.2. Here, polyisoprene is drawn in a trans-1,4 polyisoprene format for
convenience. With the conditions described above, namely a lithium initiator in a
nonpolar solvent, one expects a high cis-1,4 component (-93%) with a minor 3,4 addition
component (~7%). 2, 13 ' 14
The insensitive nature of the initiation of either block also means that a triblock
material, such as P(S-b-I-b-S), shortened hereafter to SIS triblock, can be easily
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synthesized by subsequent monomer injection. Table 2.2 gives a full listing of the
styrene-isoprene copolymers synthesized including the approximate volume fraction of
the polystyrene block, <j>PS , and the Mn and PDI for both the PS homopolymer and the
resulting copolymers.
Scheme 2.2 P(S-b-I) Synthesis Schematic
P(S-b-I) was chosen for many of the same reasons as P(S-b-MMA), as it met the
necessary criterion. It has been well studied with a relatively straightforward synthesis.
Much is already known about the phase diagram and physical characteristics of P(S-b-I)
copolymers from previous studies.
15 " 17
Also it is known that one can use ozone to both
degrade PI while also crosslinking PS.
18 ~20
This allows one to maintain the important
criterion for styrene-isoprene copolymers as a good candidate for future templating
studies. The significance of our choice of P(S-b-I) over other diblock candidates is
primarily due to two major properties arising from the isoprene block. First, this system
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has a very small difference in dielectric constant, Ac, in comparison to P(S-b-MMA).
The dielectric constant of 1M is reported as = 2.37-2.45. Thus, Ar,, s b.MMA) is
approximately 20 times larger than AsP(s b-i). This is significant to the hulk alignment
argument put forth hy Amundson. Based 011 his experiments good alignment ofP(S-D-
MMA) is seen in bulk at approximately 1-2 V/pm, while alignment ofP(S-b-I) should
not occur until 30-60 V/pm. The higher Held strength is approaching the dielectric
breakdown strength of most polymers (typically 50 V/pm). Consequently, it may not be
possible to align P(S-b-l) if the dielectric arguments hold. Also, previous work has
shown that polyisoprcnc has the unique feature of having a dipole oriented along the
chain backbone, a so-called type A dipole. 21
"23
While this dipole is quite small, the
additive affect of hundreds of small dipoles along the backbone, may become significant
and bring into play the monomer polari/ability arguments of Gurovich. For further
comparison, if P(S-b-I) does indeed orient, the significance of the type-A dipole can be
determined by comparison studies with P(S-b-B) which has nearly identical chemical
nature and dielectric constant to P(S-b-I) but eliminates the presence of the dipole along
the chain backbone. The combination of these properties makes P(S-b-l) an ideal second
choice over other potential copolymer candidates in pushing the limits of the two earlier
discussed theoretical explanations for copolymer alignment in an electric field.
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Table 2.2 - Styrene-Isoprene Copolymers Synthesized
Desc. 4>ps PS M n PS PDI DBM n DB PDI
P(S-b-I) 0.3 11.0k 1.027 34.8 k 1.091
P(S-b-I) 0.3 5.30 k 1.039 16.8 k 1.037
P(S-b-I) 0.3 55.5k 1.020 175.5 k 1.190
P(S-b-I) 0.3 22.0 k 1.020 69.6 k 1.136
P(S-b-I) 0.5 7.63 k 1.035 14.7 k 1.024
P(S-b-I) 0.5 18.4k 1.023 35.5 k 1.037
P(S-b-I) 0.5 9.13k 1.029 17.6 k 1.025
P(S-b-I) 0.5 94.9 k 1.020 182.4 k 1.075
P(S-b-I) 0.5 39.3 k 1.017 75.6 k 1.097
P(S-b-I) 0.5 27.1 k 1.019 52.2 k 1.028
P(S-b-I) 0.5 18.1 k 1.022 34.7 k 1.025
P(S-b-I) 0.5 42.9 k 1.013 80.7k 1.016
P(S-b-I) 0.5 24.4 k 1.020 46.3k 1.022
P(S-b-I) 0.5 32.0 k 1.018 57.4k 1.021
P(S-b-I) 0.7 10.7 k 1.021 15.0k 1.025
P(S-b-I) 0.7 12.1 k 1.027 16.95 k 1.022
P(S-b-I) 0.7 25.6 k 1.020 35.8 k 1.022
P(S-b-I) 0.7 135.5 k 1.019 189.6 k 1.034
P(S-b-I) 0.7 34.9 k 1.018 48.9 k 1.020
P(S-b-I) 0.7 53.8 k 1.018 75.2 k 1.022
P(S-b-I) 0.7 25.8 k 1.018 36.2 k 1.016
P(S-b-I) 0.7 24.0 k 1.018 33.6 k 1.016
P(S-b-I) 0.7 59.6 k 1.014 82.6 k 1.018
SIS 0.25 per 9.80 k 1.031 43.0 k 1.022
P(dS-b-I) 0.5 17.6 k 1.026 44.2k 1.016
P(dS-b-I) 0.5 23.6 k 1.02 46.3k 1.016
P(dS-b-I) 0.5 23.2 k 1.023 43.5k 1.016
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CHAPTER 3
ALIGNMENT OF P(S-b-MMA) COPOLYMERS
3.1. Introduction
Self-assembling, ordered, nanoscopic morphologies accessible through block
copolymers have tremendous potential as lithographic templates, high density porous
media or as scaffolds for nanoscopic devices. To realize the full potential of these
materials, however, necessitates the ability to control the spatial orientation of the
resulting structures. It has previously been shown that external fields, including
mechanical shearing 1
,
interfacial interactions
2 "6
,
and electric fields7
" 10
can be used in
conjunction with diblock copolymers to produce well-ordered arrays of oriented
nanoscopic microdomains. Previous work with electric fields showed effective
orientation could be obtained in bulk films and for in-plane alignment of thin films. The
focus of our work is the orientation in thin films of copolymer microdomains normal to a
surface and a more detailed understanding to the dominant alignment mechanisms.
Oriented microdomains normal to a surface offers a more viable pathway for successful
templating possibilities as outlined earlier.
The advantages of electric field alignment over other external fields are many.
While mechanical shearing 11
" 13
has been used in block copolymers to control the
orientation of the copolymer microstructures, particulate impurities that are always
present in polymeric materials inhibits sufficient contact between the shearing plates and
the sample. This effectively makes mechanical orientation nearly impossible in films
below ~ 100 urn. In contrast, neutralization of the preferential interactions
5
'
14
of the
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substrate with either block of the copolymer has been shown highly effective in orienting
copolymer domains normal to a surface. Due to preferential surface interaction at the
free surface, however, a normal orientation is typically maintained only for films with a
total thickness < 1L0 , where L0 is the equilibrium copolymer domain spacing 15 ' 16 or
where yA = yB . The use of electric fields is, therefore, an effective bridge to orient
microdomains in thin films whose thicknesses span the gap between effective orientation
by interfacial interactions (< -30 nm) to mechanical shearing (> 100 urn).
Prior work by Amundson discussed the possibilities of both the rotation of
copolymer grains of a critical nucleus size upon quenching from the disordered state7 and
defect annihilation in the ordered state9 as mechanisms for the reorientation of copolymer
microdomains in electric field alignment. While discussed, little experimental work was
performed, especially in-situ, to elucidate the details of the alignment mechanism in
either the disordered or ordered bulk samples used in these works. Effectively all
discussions derived based on the experimental results examined following alignment. A
significant focus in this work was placed on obtaining more details of the mechanism of
alignment with a focus on in-situ scattering techniques. Significant differences were
observed in our work in alignment mechanisms between thin and thick films as well as
orientation from the ordered and disordered state.
Here we have prepared films of a cylindrical P(S-b-MMA) diblock copolymer by
roll-pressing with thicknesses from 10-100 pm. The copolymer was chosen such that the
molecular weight allowed for an experimentally accessible order-to-disorder temperature
(ODT) which was below potential degradation temperature for either of the blocks (~ 250
°C).
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Alignment normal to a substrate in thin films results in significantly different
behavior then previously reported. In particular, a direct competition between the applied
electric field and interfacial interactions 14 ' 17 " 19 is observed that gives rise to a threshold
electric field strength that must be exceeded to fully align the morphology. This
competition was observed only in films where a significant portion of the sample is
dominated by the surface interactions with the substrate. Within the experimental
thickness range of 10-30 urn, the threshold field strength was independent of the film
thickness and could be described by the difference in interfacial energies of the
components. Thus, a measurement of the threshold electric field strength provides a novel
means of determining differences in the interfacial energies of the block copolymer
components. Also, a coexistence regime of copolymer domains parallel and
perpendicular to the electrode surface was found at field strengths slightly below Et. This
is consistent with the introduction of defects via undulations in the structure, thus
suggesting a fluctuation process as the origin of the reorientation process in thin films
where surface interactions dominate.
This behavior is in sharp contrast to reorientation in thicker films, where the
surface interactions can effectively be ignored. We also show that the pathway along
which the alignment is realized depends to a certain extent on the initial state of the
copolymer. Applying a strong electric field in the disordered phase, we observe the
compositional fluctuations are biased preferentially in the orientation direction even in
the phase mixed state. Upon cooling the copolymer into the ordered state, the copolymer
structure grows along this preferred orientation. However, reorientation in a sample that
starts in an ordered state with microdomains aligned parallel to the electrode surface is
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significantly different. It becomes clear that the original microstructure cannot rotate as a
whole, but rather the grains are broken up into smaller pieces capable of reorientation.
Once reoriented, the aligned state continues to improve the overall orientation but this
proceeds dominantly by slow processes that eliminate defects throughout the sample.
3-2. Electric field effects for an infinitely long cylinder
When a dielectric body with a dielectric constant e is placed in an electric field
E 0 , the polarization difference between the body and the surroundings will induce
charges on the surface of the body. These surface charges give rise to a depolarization
field E P superposed on the external field. Since, for an anisotropic body, the surface
charges and, therefore,E ? depend on the orientation of the body, the resulting electric
field energy is also orientation dependent. Taking the state with no dielectric body
present as a reference state, the free energy can be written as20
,
F=F0 +Fei =F0 -±jE0 .?dV. (1)
1 V
Fe \ is the orientation dependent electrical contribution to the free energy, whereas F0
contains all the contributions to the free energy independent of orientation. P is the
polarization inside the dielectric body having a volume V. The polarization is
proportional to the total electric field Eo+Ep,
P = %E = X(e0 + Ei) (2)
where % is the polarizability, a constant for an isotropic material. To evaluate equation (1)
the electric field E has to be known, which generally requires solving Maxwell equations
for the geometry under consideration. For the simple case of an infinitely long cylinder
31
can
with its axis either parallel or perpendicular to the external field E Q , this solution
easily be constructed from the boundary conditions for the electric field at the interface. 20
Thus, the state with the lowest free energy will be one of these two orientations, since
only in these cases is the torque K=Px E o=0. The resulting difference in the free
energy between the two states with different orientations is then
^ 1+6
where e0 is the permittivity in vacuum. If the surrounding medium has a dielectric
constant ecxl , c has to be replaced by e/eext and e0 by e0 ee xt. Since AF is always negative,
the orientation of the cylinder axis parallel to the applied field is the lower free energy
state, whether e > ecxl or e < ecxt . Amundson gave a similar solution for the more complex
case of a regular array of cylinders assuming a weakly segregated structure. 8 Any effects
of the electric field on the conformation of the polymers will not be considered here,
since they are relevant only at electric field strengths much higher than that used in this
study.
21
3.3. Experimental
3.3.1 Polymer
In this work, an asymmetric diblock copolymers of polystyrene (PS) and
poly(mcthyl methacrylate) P(S-b-MMA) was synthesized anionically as outlined in
Chapter 2. By gel permeation chromatography (GPC), taken relative to a series of
polystyrene standards, the copolymer was determined to have a weight average molecular
weight (Mw) of 3.9x1
0
4
and polydispersity (PDI) of 1 .08 with an approximate PMMA
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volume fraction of 0.29 Following synthesis, the copolymer was soxhlet extracted in
cyclohexane for approximately 8 hours to remove any residual polystyrene
homopolymer. The copolymer forms hexagonal close-packed cylindrical microdomains
with a characteristic period of 23.3 nm as determined by SAXS. The order-to-disorder
transition temperature (ODT) of this copolymer was determined by optical microscopy to
be 1 96 ± 2 °C•r 22.23
3.3.2 Sample Preparation
Films of the diblock copolymer were prepared using a Stanal 1(T x 13" two-roll
calendar to obtain films of uniform thickness (±10%) for films > 5 pm. These films were
placed between two electrodes consisting of 12.7 urn Kapton sheets onto which 100 nm
of Al was evaporated on one side. To avoid electrical shorts, one electrode was placed in
direct contact with the copolymer while the other electrode was placed with the Kapton-
side in direct contact with the polymer as shown in Figure 3.1. The introduction of the
Aluminum (-100 nm)
^
Kapton (commonly 1 2.5
or 25 |Lim)
Copolymer
Figure 3.1 Generic experimental set-up for application of perpendicular electric field to
a surface normal. Copolymer samples were typically thin films (10-100 pm) prepared in
a roll press.
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Kapton spacer also served to better establish the electric field present, especially in the
thinnest samples, since a majority of the distance between electrodes was dominated by
the well-defined spacer thickness and was therefore not affected by variations within the
pressed film's thickness. For disordering experiments, samples were heated above the
ODT of the copolymer under N 2 and the voltage necessary to produce the desired electric
field, taking into account the combined thickness of both the copolymer and the Kapton
spacer, was applied. The samples were then cooled into the ordered state to 170°C, well
above the glass transition temperature (Tg) of either of the blocks, and held at that
temperature under field for 14 hours. Subsequently, the sample was cooled to room
temperature before the field was removed. For experiments performed in the ordered
state, the samples were directly heated to 170 °C, with everything else identical
3.3.3 X-ray Characterization
In-house small angle x-ray scattering (SAXS) experiments were performed on a
Rigaku rotating anode apparatus operated at 8 KW. The beam was passed through a
nickel filter resulting in Cu-Ka radiation. The primary beam was collimated by a set of
three pinholes. The sample was mounted on a rotation stage that allowed one to change
the angle of incidence, a, of the primary beam to the sample. A generic sample set-up
for all the scattering experiments is shown in Figure 3.2. a is defined with respect to the
sample surface normal, such that a = 0° indicates the primary beam is parallel with the
surface normal, a = 90°, therefore, corresponds to the primary beam coming at 90° to the
surface normal (i.e. edge on). A gas-filled area detector (Siemens Hi-Star) located lm
from the sample was used to record the scattering pattern. The flight path between the
34
Incoming Beam
Figure 3.2 - Generic experimental set-up for small angle x-ray scattering (SAXS)
experiments showing the placement of the incoming beam, sample, and detector. Sample
tilt angle, a, is defined with respect to the surface normal.
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sample and the detector was evacuated. Typ,cal exposure times for a 20m* sample were
of the order of 30 minutes.
Time resolved small-angle x-ray scattering experiments (SAXS) were performed
at the Brookhaven National Laboratories at the National Synchrotron Light Source
(NSLS) on beam-line X10A. 8 keV x-rays (AE/E = 4 x 10 4) from a double bounce Ge
monochromator were used having a spot size of 1.0 mm horizontal by 0.7 mm vertical at
the sample. A Bruker Smart 1500 CCD 2-D Detector located 2.2 m from the sample was
used to record the scattering pattern. The flight path between the sample and detector
was filled with He. Using a silver behenate standard, the wavelength, X, was determined
to be 1.5 A. Typical exposure time for a 100 urn sample was 2 seconds. Samples were
mounted in a heated sample chamber consisting of two metal plates with a 2 mm x 15
mm horizontal slit. The heating chamber was placed in a goniometer that allowed the
angle of incidence (a) of the beam on the sample to be changed from 0° to 60° (a = 0° =
normal incidence).
Throughout the described experiments in this chapter, we will be discussing two
angles in particular, the sample tilt angle or angle of incidence, a and the azimuthal angle
Q. Both are depicted in Figure 3.3. Due to experimental limitations arising from the
sample holder dimensions, the accessible range of a is limited to 0° < a < 60°. Q is a
measure of the intensity of the scattering measured in the plane of the 2-D detector that
corresponds to the same scattering vector, q. Q is defined such that equatorial reflections
would occur at Q = 0° and 180° while meridonal reflections would be Q = 90° and 270°.
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a Defined: Sample tilt Q Defined: azimuthal
a = 0
2-D Detector with isotropic ring
T
a= 90 (unattainable)
o
Q = 0°
r o. = 90°
Figure 3.3 - Angle definitions for use in SAXS experiments. Experimentally accessible a
occurs between 0 < a < 60.
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3A Scattering from Oriented Haxaannal ly Closed-Packed Cylinder.
To understand the scattering results observed in this work, it is first important to
consider what scattering one expects to observe for different orientations of the
copolymer microstructure. We are interested in answering the questions: (1) where is the
scattering located in reciprocal space (2) how is it distributed in reciprocal space and (3)
how is the scattering observed affected by changing a? Throughout this work, a focus is
given on a cylindrical copolymer system that forms hexagonally close-packed
microdomains. Figure 3.4 is a schematic diagram of the intensity distribution in
reciprocal space for a hexagonal array of cylinders lying parallel and perpendicular to a
film surface. Shown below both reciprocal space depictions are the corresponding arrays
in real-space.
The left hand side of Figure 3.4 depicts cylinders lying parallel to a surface as
they would be observed at a = 90°. Due to the constraint of the film by the surface, the
close packed cylinders lie in such a way that the (01) and (0 1 ) lattice planes are in
register with the surface. At the same time, many grains of this structure can be oriented
randomly within the plane of the film, resulting in a distribution of the scattering intensity
along two rings in reciprocal space. By varying the angle of incidence (a) of the x-
rays, different points on the two rings of diffraction are observed. At a = 90°, the typical
six-point diffraction pattern from a hexagonal system would be observed. As a
decreases, the scattering pattern observed changes from a six-point to a four-point pattern
as we quickly lose the (01) reflections. At a = 30°, a two-point pattern is observed with
reflections at the meridonal locations. For a < 30°, the pattern disappears completely.
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Figure 3.4 - Intensity distribution in reciprocal space for a hexagonal array of cylinders
lying parallel and perpendicular to a substrate. Shown below are the corresponding real
space shown at a = 90°.
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The angle between the off-meridonal reflections [(1 1), ( 1 1 ), (10) and (To)] and the
meridian, AQ, is related to a by
m . (\ I :—
\
AQ = arcsin^- V3 - cor a
J
. (4)
If the cylinders are oriented normal to the surface, as in the right hand side of
Figure 3.4, the characteristic equatorial reflections appear in the kx,ky-plane. Since there
is no preferred orientation of grains of the hexagonal close-packed cylinders in the plane
of the film, the scattering is distributed around a ring in reciprocal space. At a = 0, a ring
of intensity is observed. For any other incidence angle, only two equatorial spots are
seen.
3.5 Results and discussions
3.5.1 Thin films of asymmetric P(S-b-MMA) annealed without electric field
In the absence of an electric field, it is well known that interfacial interactions
induce an alignment of the copolymer microdomains parallel to the substrate. 24
"27
This is
driven by a preferential wetting of the surface by one of the blocks of the copolymer that
has a lower surface energy. This preferential wetting therefore induces ordering parallel
to the substrate. Before alignment studies could be performed, it was important to
establish the orientation of the copolymer domains in our samples upon annealing
without an external electric field. Figure 3.5 shows the azimuthal peak position, AQ, as a
function of the incidence angle a for an 86 um film of asymmetrical P(S-b-MMA). The
inset of Figure 3.5 shows a typical x-ray scattering pattern for the film obtained at an
a=45°. Consistent with the schematic diagram in Figure 3.4, four distinct reflections with
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<j 20
30 45 60 75 90
a(degrees)
Figure 3.5 - Azimuthal peak position AQ as a function of the sample tilt angle a for an 86
|Lim P(S-b-MMA) film annealed without an electric field. In the inset, the scattering at
a = 45° is shown. The solid line represents the calculated AQ from equation 4.
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a common AQ are seen at a scattering vector q = 027wl ] that corresponds to a lattice
spacing of L = 23.3 nm. The scattering vector is defined as q =
1*
sin e where X is the
x-ray wavelength and 20 is the scattering angle. As a changes, AQ at which the peaks
are located correspondingly changes. Figure 3.5 shows the dependence ofAQ on a along
with the calculated dependence from equation 4 (solid line). Three different 86 urn
samples, all prepared identically, were independently measured for the dependence ofAQ
on a. The agreement is quantitative, showing that for cylindrical copolymer films
annealed without an electric field, the scattering arises from grains of hexagonally packed
cylinders oriented parallel to the surface.
3.5.2 Thin Film P(S-b-MMA) annealed with an electric field
Samples of P(S-b-MMA) with thicknesses of 1 1, 20 and 30 urn were annealed in
a range of electric field strengths up to 25 V/um. Prior work 10
,
showed that, the
alignment of copolymer domains in-plane for thin films could be accomplished at electric
field strengths comparable to the field strengths used in bulk films, i.e. a few V/um. This
results from the geometry of the experiment, where the orientational forces of the electric
field are in the same direction as the strongly aligning interfacial interactions discussed in
section 3.4.2. Alignment of thin films normal to a substrate, however, demands a direct
competition between the orientational forces of the applied electric field and the in-plane
orienting surface forces. Indeed, alignment of the cylinders parallel to the film surface,
i.e. normal to the field lines, was found to be maintained up to field strengths as high as
1 1 .5 V/um. This difference is a direct consequence of the interfacial interactions of the
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Figure 3.6 - Scattering patterns measured at a = 60° obtained from two samples of 32
um thick films of cylindrical P(S-b-MMA) annealed at various electric field strengths.
Field strengths are (A) 9.9 V/um and (B) 14.5 V/um. Scattering pattern (A) shows
reflections indicative of both cylinders lying parallel and perpendicular to the substrate.
In (B) only lateral reflections are observed indicating the cylinders are oriented normal to
the substrate, i.e. parallel to the electric field lines.
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copolymer with the electrode surfaces. Figure 3.6 shows typical scattering patterns taken
at a = 60° for a 32pm sample. Figure 3.6a, is the sample after annealing under an
electric field of 9.9 V/pm. Clearly one can see equatorial reflections observed in addition
to the four off-equatorial reflections, which are reflections arising from both
perpendicular and parallel orientations, respectively, as discussed in section 3.4.
Consequently, there is a range in field strengths where both parallel and perpendicular
alignments of the cylinders coexist. At higher field strength only two equatorial
reflections are seen. As shown in Figure 3.6b, for the same 32um thick sample at 14.5
V/p.m only scattering arising from cylinders oriented with the field is observed. It should
be noted that experiments on P(S-b-MMA) with a reverse composition, i.e. PS cylinders
in a PMMA matrix, showed identical alignment behavior which is in keeping with
equation 3.
The angle between the cylinder axis and the external field lines is plotted as a
function of electric field strength in Figure 3.7. A value of 90° corresponds to cylinders
oriented parallel to the substrate, whereas 0° corresponds to cylinders oriented normal to
the substrate, i.e. parallel to the field directions. In cases where both parallel and
perpendicular alignment of the cylinders coexist, points were placed at both 0° and 90°.
Strikingly, a nearly first order transition between parallel and perpendicular orientations
is observed. As can be seen, there is a range in field strengths, from ~9.5 V/urn to ~1 1 .5
V/jiHi, where both orientations coexist. Note also that the value obtained for the
threshold field strength, E
t
= 1 1.5 ± 1 V/um, is independent of the thickness of the sample
in this range. These results clearly show that complete orientation of the cylindrical
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Figure 3.7 - Orientation angle of the microstructure with respect to the field direction as a
function of the electric field strength. A value of 90° corresponds to cylinders oriented
parallel to the substrate, whereas 0° corresponds to cylinders oriented normal to the
substrate, i.e. parallel to the field directions.
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domains occurs only when E > E, For E < E
t the orientation of a significant fraction of
the cylinders is dictated by interfacial interactions.
The significance of E
t
can be understood in terms of a simplified model for the
free energy containing distinct contributions from interfacial interactions and electric
field response. Modifying F in equation (1) to account for the surface contribution yields
F=FQ+ Fe] + Fsulf = F0 -± \S0 '?<\U)dV+\cj(\l±)dA. (5)
Here ct(||,
_L) is the contribution to the free energy over a surface area (A) due to
interfacial interactions for parallel and perpendicular orientations of the cylinders,
respectively. There is a direct competition between two forces, Fsurt- and Fe ,, which favors
alignment of the cylinder axes perpendicular to and parallel to the electric field,
respectively. Ve \ is the volume of the sample under the influence of the two competing
forces. At the threshold field strength
&F
el
=
-AF5urf . (6)
Since E
t
is independent of the film thickness, Ve \ does not vary with film thickness in
keeping with the observed coexistence of both orientations near E
t
. If the whole film
contributed to the energy balance at E = E t , it would follow from equation (6) that E t
1 2
scales as
—^= , since Fe \ <x EQd . This is not the case, however, indicating that finite
boundary layers adjacent to the electrode surfaces dominate Fe \. In this experimental
range, the thickness of this surface layer is independent of the sample thickness. This
implies that for thicker films the surface layer is less dominant since the defects necessary
for coexistence of alignment parallel and perpendicular to the substrate can be
accommodated more easily. Therefore, even at lower field strengths a large fraction of
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n(degrccs)
Figure 3.8 - Azimuthal dependence of scattering intensity for a series of samples with a
thickness of 86 \un ± 10% annealed at different electric field strengths. The incident
angle is 45° and the data have been offset for clarity.
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the sample can be oriented by the electric field, approaching bulk behavior. 8 ' 9
Measurements performed on an 86 urn thick sample annealed at electric fields well below
B, already show this behavior. The azimuthal dependence, Q, of the scattering intensity
observed at a = 45° and q = 0.27 nm"
1
for different field strengths is shown in Figure 3.8.
For the sample annealed in the absence of an electric field, four peaks, indicative of
alignment parallel to the sample surface, are seen. As the electric field is increased, we
observe the loss of the four peak pattern indicative of parallel alignment and see two
weak reflections grow at the horizontal positions (Q = 90° and 270°) corresponding to
normal orientation of the cylinders. This reorientation of the morphology by the electric
field occurs for the 86 \im sample occurs at field strengths much less than E
t . This
suggests that the orienting surface forces have become negligible, and the electric field
necessary for reorientation has become more comparable to those observed in the bulk,
i.e. on the order of a few V/um. Even for field strengths as small as 2.1 V/um, the
intensity increases around the horizontal positions, though the peaks characteristic of
cylinders lying parallel to the surface are still visible. Also observable in Figure 3.8, the
widths of the equatorial reflections, indicative of alignment normal to the substrate, are
significantly broader than those observed at higher electric field strengths indicating that
the degree of alignment increases with increasing electric field.
From equations (3), (5), and (6), an estimate for AFe \ at E = E t and, therefore, the
difference in interfacial energies between the || and _L states, can be calculated. If an
upper limit of 1 Oum for the thickness of the reorienting layer is assumed the dielectric
energy from equation (3), AFe] is 0.3x1 0"Vm"
2
. Here e0 = 8.854xl0"
12CW, sPS = 2.5,
epMMA = 3.6 and E t = 1 1 .5 V/ym. With a volume fraction of the PMMA cylinders of 0.29,
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AFel is calculated to be -1% of the surface energies of PS or PMMA (-30 x \tfjm%
and is approximately equal to the difference between the surface energies of these two
polymers. 5
The observation that the surface-induced orientation of the cylinders propagates
into the interior of the film over distances quite large compared to the structural length
scale of the copolymer is reminiscent of phenomena observed for liquid crystals. In
terms of the elastic energy, a cylindrical block copolymer has the same symmetry as a
columnar liquid crystal. In such a system it is not possible to change the orientation
across a thin film from parallel to perpendicular to the surface without introducing
defects. As long as the surface anchoring prevails, the response of the system to an
electric field is not a reorientation of the structure but rather an undulation perpendicular
to the axis of the cylinders. 28 ' 29 These Helfrich-Hurault undulations30, 31 are suppressed
close to the interface but are amplified with increasing distance from the interface. A
complete reorientation of the cylinders can only be realized when the applied field
overcomes the interfacial interactions which occurs at Et . Close to the threshold value of
the electric field, in a situation where enough defects are present to build up a finite layer
of cylinders aligned by the electric field, strong indications of structural rearrangement
are observed even before complete orientation.
3.5.3 In-situ reorientation on asymmetric P(S-b-MMA) samples
In the following experiments, the same cylindrical copolymer of P(S-b-MMA)
was used as previously described with M n = 3.9x1
0
4
and L0=23.3 nm. The copolymer
has a order-to-disorder temperature (ODT) of 196±2°C as determined by optical
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microscopy. For this study, films with a thickness of 20-30 urn were pressed and then
annealed between two 12.7um Kapton sheets that were coated on one side with 100 nm
of Al serving as electrodes. As it was established, annealing for approximately 14 hours
leads to a well defined orientation of the cylindrical microdomains parallel to the
"
substrate.
3.5.3.1 In-situ reorientation from the disordered state
In the first series of experiments, we followed the development of order and
orientation starting from a disordered melt. Initially, a 30 urn sample was heated to 205
°C into the disordered state at an angle of incidence a = 45° which was used throughout
the in-situ experiments. The order-to-disorder transition can easily be identified in-situ
by a significant decrease in intensity, a broadening of the first-order reflection and loss of
any azimuthal dependence to the scattering. Once, disordered an electric field of 30v7um
was applied with the field lines parallel to the substrate normal. Subsequently, the sample
was cooled below the order-to-disorder transition into the ordered state (T = 1 75 °C) and
held constant. Figure 3.9 shows the azimuthal dependence of the intensity for a series of
scans taken as a function of time. As discussed in section 3.4, for cylindrical
microdomains oriented parallel to the electric field, perpendicular to the plane of the
sample, we would expect scattering intensity at the equatorial positions (Q = 0° and
1 80°). Figure 3.9 shows the intensity, integrated over the first-order reflection, as a
function of the azimuthal angle Q. The left part of the image is excluded because of
parasitic intensity caused by slit scattering. Data sets taken consecutively are shifted
relative to each other for convenience.
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Figure 3.9 - Azimuthal dependence of scattering intensity for 30 um film of 70/30 P(S-b-
MMA) measured in-situ heated into the disordered state and subsequently cooled below
TODT of the copolymer under an applied external electric field of 30V/um.
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The first two data sets correspond to subsequent measurements taken in the
disordered phase. The scattering pattern clearly shows the disordered melt consists of an
isotropic ring caused by composition fluctuations as they occur close to the order-to-
disorder transition. Upon application of an electric field of 30 V/um, it is evident the
scattering pattern becomes anisotropic without significantly increasing the intensity. Thii
shows that compositional fluctuations parallel to the electric field are being enhanced
while fluctuations oriented perpendicular to the electric field are suppressed. Upon
cooling below the order-to-disorder transition temperature the intensity increases, but
only at these equatorial positions, clear evidence the structure building up is oriented
from the very beginning. With additional time, the intensity of the equatorial reflections
increases while the azimuthal width of the reflections decreases.
3.5.3.2 In-situ reorientation from the ordered state
In the second series of experiments, a different initial state for the copolymer was
chosen. Prior to use in the in-situ experiments, the samples were preannealed for
approximately 24 hours. As was already established, a simple annealing of the
copolymer results in an alignment of the cylindrical microdomain parallel to the substrate
due to preferential interfacial interactions. Experimentally it was observed that grains
with a uniform direction of the cylinders in the plane can often be fairly large. A position
on the sample was chosen where the observed scattering results primarily from one
dominate grain. As discussed in section 3.4, at an angle of incidence a = 30° for a
cylindrical copolymer lying parallel to a substrate a pair of first order Bragg reflections
appear at top and bottom (Q = 0° and 180°). This is in sharp contrast to cylinders
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oriented normal to a substrate where equatorial reflections would be observed (Q = 90°
and 270°). Therefore, these in-situ reorientation experiments were performed at an a =
30° where scattering from parallel and perpendicular orientations of the cylindrical
microdomains could be clearly observed. The sample was heated to 175 °C and
maintained at this temperature, which is well above T
g for each block of the copolymer
but below the order-to-disorder temperature such that the sample is held in the ordered
state. Once temperature was maintained, an electric field of 30V/um was applied with
the field lines parallel to the substrate normal. The azimuthal dependence of the
scattering intensity is shown as a function of time in Figure 3.10. The data clearly
demonstrate that a reorientation of the original structure takes place. A decreasing
intensity of the original two reflections is accompanied by a simultaneous increase in the
intensity at the equatorial positions. This increased scattering at the equatorial positions
is directly attributed to cylinders aligned by the electric field normal to the substrate. The
intensity visible in the final state is lower than the intensity of the original reflections
because the sample now consists ofmany grains all with the cylinders perpendicular to
the film, but with different orientation of the hexagonal lattice within the plane. In this
orientation, only some of these grains contribute to the observed scattering intensity at a
fixed sample position.
3.6 Conclusions
Electric field induced alignment of bulk samples of block copolymer microphase
structures was previously discussed in terms of rotation of grains
7
as well as in terms of
defects annihilation
9
under the influence of electric fields. Grain rotation was discussed
for the specific situation where a copolymer sample is heated in bulk into the disordered
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Figure 3.10 - Azimuthal dependence of scattering intensity for 20 urn film of 70/30 P(S
b-MMA) measured in-situ for a preannealed sample heated above Tg but below TODT
and then placed under an applied external electric field of 30V/um.
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as
phase and then quenched under field into the ordered state. Based on the electrostatic
contribution as discussed by Amundson, the ability to induce macroscopic anisotropy in
block copolymer microstructure with an electric field depends not only on the field
strength but also on the size of ordered regions being acted upon by the field. A scenario
is given where one begins in the disordered state, where there are time-varying
composition fluctuations but no stationary composition pattern. The sample is held in
this disordered state between two flat, parallel electrodes used to apply an electric field
depicted in Figure 3.1 1. This type of scenario was developed by Fredrickson and Binder32
and is based on the theory of microphase separation of Leibler33 as extended by
Fredrickson and Helfand34 to include fluctuation effects.
In this scenario, the electrostatic contribution to the free energy associated with
the plane wave pattern of a lamellar copolymer microstructure within the ordered region
containing an anisotropic term of the form
1 f r 2 ^
-n
2
^ 2 448 \e {Q\
where a is the amplitude of the plane wave pattern, c(0) is the dielectric constant in the
absence of fluctuations, and p is the rate of change of the dielectric constant with
composition, i. e. P = de/d(j) where § is the local volume fraction of one of the copolymer
components. It is most important to note that equation 7 is zero when the wave vector k,
is orthogonal to E0 and a maximum when k is parallel to E0 . Also, this energy is
proportional to the volume of the ordered region. It is estimated by Amundson, that
under his experimental conditions, a nucleation center R ~ 150 nm would be necessary to
be significantly aligned against thermal randomization. The theory of Fredrickson and
<MJ (7)
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AFigure 3.1 1 - Nucleation of an ordered phase in a disordered block copolymer melt under
an applied electric field E0 . ez and ek are unit vectors in the direction of the applied field
and the composition pattern wave vector, respectively. R is the nucleation center radius
The light and dark bands within the nucleation center represent a plane wave composition
variation pattern with wave vector k.
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Binder estimate nucleation centers as small as 45 nm are stable, so this is in keeping with
the theory. Subsequently, alignment through defect anhilation was discussed as a
dominant mechanism based on electron microscopy studies performed, following
reorientation on samples in the ordered state by an electric field.
Our results, though done with electric fields about an order of magnitude higher,
suggest a very different mechanism of alignment. Most importantly the observed
pathway along which the alignment is realized depends on the initial state of the sample.
The mechanism of alignment is observed to be dependent on film thickness, where the
presence of a surface layer, due to preferential interfacial interactions, is observed to
dominate when the total film thickness is comparable to this surface layer. This creates a
direct competition between the electric field force and the difference in interfacial
energies between the blocks of the copolymer and a threshold electric field is observed
where the copolymer domains align with the electric field only for field strengths that
exceed the threshold field strength. Measurements of this threshold field strength arc
directly related to the di fference in interfacial energies between the two blocks and can be
used to directly measure this quantity. For films, where the surface layer can be ignored,
the behavior is seen to revert to the behavior observed in bulk. In these thin films, the
mechanism of alignment must proceed through a fluctuation pathway similar to what has
been observed in liquid crystal systems with surface anchoring.
The reorientation alignment mechanism is also seen to be dependent on the
copolymer initial state. In the disordered state, our experiments show that fluctuations in
this phase are already preferentially oriented in the field direction. Upon cooling the
structure, the preferred orientation is seen to grow directly. An intermediate state in
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which the grains would be too small to be oriented cannot be detected. This is in sharp
contrast to the discussed mechanism of Amundson. Given the orientation-dependent
electrostat.c energy in equation 7, we can simplify this by stating the energy difference
between orientations is
AE =
K£0J
A 2 E*
{lKy " (8)
Assuming a given amplitude A at a specific temperature, the volume at which the free
energy difference in equation 8 becomes appreciable compared to thermal energy is
proportional to 1/E0 . We can therefore conclude that in these experiments, we have
already reached a regime in which the fluctuations in the disordered state are large
enough to become oriented. This might be of practical relevance for obtaining oriented
materials with higher degree of perfection since kinetic barriers to the alignment process
may be avoided by starting from the disorder state.
Meanwhile, alignment from the ordered state in thicker films is observed to
proceed through another mechanism. Starting from an initial state that can
approximately be described as one large grain with the cylinders aligned parallel to the
film. It is clear that in this case the original structure cannot rotate as a whole, but rather
has to be broken up into smaller pieces that are then capable of rearranging. This is in
keeping with theoretical35 and experimental36
"38
work that showed that diblock
copolymers form highly anisotropic microdomains. Due to their anisotropy, a rotation of
one grain would involve a cooperative rotation of all the grains in the sample. Our
experiments clearly suggests the grains are broken up while indicating the existence of an
instability that causes a disruption of the original structure. The original structure is
diminished in a piecewise manner, as indicated by the decreasing intensity of the
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meridonal reflections, at the expense of the final structure which shows increasing
intensity at the equatorial positions simultaneously. On repeating the experiments,
especially with lower fields, it became obvious that the reorientation process can remain
incomplete in the time range given here. Generally speaking for both cases under study
here, the resulting orientation at the end of the experiment was less perfect than what
achieved previously after long time annealing (about 14h). This suggests that slow
processes, or processes with a large activation energy, are present that can lead to an
elimination of defects and follow the initial onset of orientation.
was
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CHAPTER 4
ALIGNMENT OF P(S-b-I) COPOLYMERS
4.1. Introduction
1 2Self-assembling systems ' that can order into periodic arrays of nanoscopic
structures have potential use in applications ranging from optics to the microelectronics
industry. Numerous synthetic systems have been investigated including block
copolymers '
4
,
surfactants
5
,
and colloidal suspensions
6
focusing on the control of size,
orientation and lateral order of the arrays. For block copolymers in the bulk, mechanical
shearing provides an effective route to achieve long-range order, whereas in thin films,
* 8 13
electric fields " and controlled interfacial interactions 14 ' 15 have proven to be effective in
producing well-ordered arrays of oriented nanoscopic domains. Such highly oriented and
ordered copolymer films provide a unique platform as tailored nanostructured templates
for use as membranes, etching masks, nanoreactors, nanoelectrode arrays, and ultra-high
1 A 1 "7
density nanowires.
Previously all prior work on electric field alignment of copolymers in an electric
field focused on polystyrene-block-poly(methyl methacrylate), P(S-b-MMA) which has a
rather large difference in dielectric constant between the individual blocks of the
copolymer, especially for polymers. It is known that for low frequency, the room
temperature dielectric constant for PS and PMMA are 8ps= 2.5, cpmma = 3.6 such that the
dielectric mismatch for the copolymer, A8p(s-b-MMA) ~ 1.1. This is important in terms of
understanding the mechanism of alignment. As discussed in Chapter 1 of this thesis, two
independent explanations to the origins of alignment in copolymers under an applied
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monomer
ier
electric field were put forth that discussed either a bulk dielectric body argument8 ' 9 or a
monomer polarizability under an external field 18
"20
. As was demonstrated in our
experiments with P(S-b-MMA), 12 alignment was best explained in terms of the dielectric
body arguments. In particular an argument was made for P(S-b-MMA) that the
polarizability is not likely to be relevant until electric field strengths significantly high,
than those used (1-10 V/um) and, in fact, higher than typical dielectric breakdown
strength of many polymers ( > 50 V/um).
In an effort to induce a possible different alignment mechanism, a copolymer was
chosen with a small mismatch between the dielectric constants of the blocks. In
particular, we choose to focus on polystyrene-block-polyisoprene, P(S-b-I). The
dielectric constants of the homopolymers at low frequency and room temperature are
known to be ePS= 2.5 and ePi = 2.37-2.45 such that the dielectric mismatch AeP(S .b-i) ~
0.05-0.13. This is approximately an order of magnitude lower to the dielectric mismatch
ofP(S-b-MMA), Asp
(s-b-MMA) ~ 1.1. In addition to the dielectric mismatch, P(S-b-I) has
a unique dipole behavior. Unlike P(S-b-MMA) and most polymers which have dipoles
located on the polymer side-chain, P(S-b-I) has a weak dipole oriented along the chain
backbone. This type of dipole along the chain backbone is known as a type-A dipole.
While each individual dipole is weak, the addition of several dipoles along the backbone
might cause the applied external field to act on this net dipole along the end-to-end vector
of the domain, producing an alternate alignment of the end-to-end vector in the direction
of the applied field. The significance of this dipole along the chain can subsequently be
surmised by parallel studies on block copolymers of polystyrene-block-polybutadiene,
P(S-b-B). Polybutadiene has a nearly identical chemical composition and dielectric
64
properties (8PB(M) - 2.51) as polyisoprene but does not have the presence of a dipole
along the chain axis.
Here we focus on the orientation of styrene-isoprene copolymers with an applied
electric field. Films 80-1 10 urn thick of a symmetric P(S-b-MMA), shown to form a
lamellar microdomain, were prepared by roll-pressing and reoriented under an applied
electric field. Significant alignment of the lamellar copolymer microdomains in the
direction of the electric field was achieved. A focus was given on elucidating details of
the mechanism of alignment in these films. Reorientation was studied primarily by in
situ synchrotron small angle x-ray scattering (SAXS). While previous work 12 discussed
alignment in terms of a competition between the applied electric field and interfacial
interactions, these films showed bulk-like behavior, where the effects of the interfaces
can be ignored. As discussed in Chapter 3, significantly different alignment mechanisms
were observed for "thin" and "thick" films where the importance of a surface layer, based
on interfacial interactions in the system, is observed to dictate the overall film behavior.
As with the P(S-b-MMA), our experiments on styrene-isoprene copolymers show
evidence of grain rotation as the dominate reorientation mechanism in thick films
reoriented from the ordered state. Reorientation is observed through four distinct stages
that were repeatedly observed in the scattering experiments. These data suggest that
large initial grains of the copolymer are disrupted by the electric field, breaking the grains
into smaller pieces that are then, subsequently, capable of being reoriented in the
direction of the electric field through a rotation of the grains. Evidence for the dominant
mechanism of grain rotation is also supported by the observation of identical
reorientation processes in a triblock SIS copolymer. The importance of a molecular
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dipole in the copolymer chain is eliminated by the observation of similar alignment in
both P(S-b-I) and P(S-b-B). As with P(S-b-MMA), the origin of alignment in styrene-
isoprene copolymers can best be understood in terms of a bulk dielectric body argument.
4
-2
-
Electric Field Effects on Lamellae
When a body with a dielectric constant s is placed in an electric field E 0 , the
polarization difference between the body and the surroundings will induce charges on the
surface of the body. These surface charges give rise to a depolarization field E ?
superposed on the external field. For an anisotropic body, the surface charges and,
therefore, E P will depend on the orientation of the body. The free energy can be written
21
as
,
F = F0 +Fel =FQ -
X
-[E0 .?dV (1)
where Ee] is the orientation dependent electrical contribution to the free energy, and E0
contains all the contributions to the free energy independent of the applied field. P is the
polarization of the dielectric body having a volume V. The polarization is proportional to
the total electric field E 0+E p ,
P = ZE = z(e0 +Ep ) (2)
where % is the polarizability that is a constant for an isotropic material. To evaluate
equation (1) the electric field E has to be known. This requires solving Maxwell
21
equations subject to the boundary conditions for the electric field at the interface. For
the case of infinitely long lamellae, the lowest free energy corresponds to either a parallel
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or perpendicular orientation of the lamellae, since only ,n these cases is the torque
K=/>x £ 0=0. The difference in the free energy between the two orientations is given by
t &-l'*1.*l*!i&-&2Lr (3)
where 80 is the permittivity in vacuum. If the surrounding medium has a dielectric
constant eext
,
8 has to be replaced by 8/8ext and s0 by 80 eex, Since AF is negative, F, < Fls
whether 8 > 8ext or 8 < 8ex, Any influence of the electric field on the conformation of the
polymers will not be considered, since this is relevant only at much higher electric field
1
8
strengths.
4.3. Experimental
4.3.1. Polymer
Symmetric diblock copolymers of P(S-b-I), having weight-averaged molecular
weights of 4.6 x 104 and 5.7 x 104 and polydispersities of 1.021 and 1.022, respectively,
were synthesized anionically, at room temperature in benzene using sec-butyl lithium as
* * 22 23
the initiator. ' The molecular weights of both blocks were determined by gel
permeation chromatography run with a UV detector and calibrated against PS standards.
The characteristics of all the copolymers used in this study are given in Table 4. 1 . Since
this reaction was performed in a nonpolar solvent with a Li initiator, the isoprene blocks
will have a high 1,4 component (-93%) with a minor 3,4 addition component (~7%). 24,2
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The order-disorder transition temperature for our P(S-b-I) diblocks can be
calculated by26
;
(ZN\DT =\0.5 + 4\N} (4)
where X is the Flory-Huggins interaction parameter and N = (b6/v2)N where b is the mean
monomer length with volume V and N is the total number of monomers in the
copolymer. The temperature dependence of % is given by27 ' 28
(5)z(T)=f- 0.0937
The calculated ODT temperatures for the 46k and 57k diblocks are 282 and 307 °C
respectively. Experiments were performed at 170 °C, which lies above the glass
transition temperatures of the individual blocks of the copolymers; yet well below the
calculated order-to-disorder transition and typical thermal degradation temperatures
(-200 °C).29
P(S-b-I-b-S) triblock copolymer, shortened hereafter as SIS, was prepared by
anionic routes via the sequential additions of styrene, isoprene, and styrene to yield
volume fractions of 0.25, 0.5, and 0.25 respectively. The GPC data corresponding to the
first styrene block and the full triblock material are shown in Table 4.1 . The SIS
copolymer was experimentally found to have an T0dt at -165 °C. The in situ alignment
of the triblock material was, therefore, performed at 130 °C, i.e. above the Tg of the
copolymer, yet below its ODT.
A 41.9 k diblock copolymer of poly(styrene-block-l,4-butadiene), P(S-b-B), with
a PS block of 19.9 k (1.04 dispersity) and a diblock polydispersity of 1.03 was purchased
from Polymer Source Inc. and used as received.
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Table 4. 1 - Styrene-Isoprene Copolymers
Polvmer PS - M
\io mnlIvg IIIUI
r iS - PDI DB - M„
kg mol
DB - PDI ToDT
46k PS-PI 24 4 1 A1 Q 46.3 1.022 282 °C b
57k PS-PI 32 05 1 no1 .uz 57.3 1.021 307 °C b
43k SIS 9.8 1.031 43.1 1.022 165 °C c
42k PS-PB 19.9 1.04 41.9 1.03 N/A
b 1 odt calculated c - Experimentally observed
4.3.2 Sample Preparation
Copolymer films were prepared using a Stanat 10" x 13" Two-Roll Calendar to
obtain films of uniform thickness in the range of 80 - 120 urn. These films were placed
between two electrodes consisting of 12.7 urn Kapton sheets onto which 100 nm of Al
was evaporated on one side. To avoid electrical shorts, one electrode was placed in direct
contact with the copolymer while the other electrode was placed Kapton-side down. All
samples were pre-annealed for 4 hours at 120 °C under vacuum to facilitate the adhesion
between the polymer and the electrodes and eliminate air gaps at the polymer-electrode
interfaces. The samples were heated to 170 °C and aligned under an applied electric
field. Samples were only used for a few hours to minimize degradation and/or
crosslinking of the copolymer.
4.3.3 X-Ray Scattering
Time resolved small-angle x-ray scattering experiments (SAXS) were performed
at the Brookhaven National Laboratories at the National Synchrotron Light Source
(NSLS) on beam-line XI OA. 8 keV x-rays (AE/E = 4xl0"4) from a double bounce Ge
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monochromator were used having a spot size of 1 .0 mm horizontal by 0.7 mm vertical at
the sample. A Bruker Smart 1 500 CCD 2-D Detector located 2.2 m from the sample was
used to record the scattering pattern. The flight path between the sample and detector
was filled with He. Using a silver behenate standard, the wavelength was found to be 1 .5
A. Typical exposure time for a 100 pm sample was 2 seconds. Samples were mounted
in a heated sample chamber consisting of two metal plates with a 2mm x 15mm
horizontal slit. The heating chamber was placed in a goniometer that allowed the angle
of incidence (a) of the beam on the sample to be changed from 0° to 60° (0°=normal
incidence).
SAXS experiments on P(S-b-B) were performed using Ni-filtered Cu-Ka
radiation from a Rigaku rotating anode operated at 40 kV and 220 mA. The beam was
collimated by a set of three pinholes. The samples were mounted on a rotating stage that
permitted a to be varied from 0 to 45°. A Siemens Hi-Star gas-filled area detector,
located 1 m from the sample, was used to record the scattering pattern. For a 100 pm
sample, typical exposure times were on the order of 30 minutes.
4.4 Scattering from oriented lamellae
Before interpreting the scattering results, it is first important to consider what
scattering would be expected for lamellae oriented with respect to a surface. Similar to
section 3.4 for scattering arising from oriented cylinders, we shall again focus on the
questions (1) where is the scattering located in reciprocal space (2) how is it distributed in
reciprocal space and (3) how is the observed scattering affected by changing the angle of
incidence a of the x-rays with respect to the surface normal? Figure 4. 1 is a schematic
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Figure 4.1 - Intensity distribution in reciprocal space for lamellae oriented with respect to
a surface. The left hand side depicts real-space depicted at an a = 90°. The right hand
side shows the corresponding reciprocal space.
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diagram of both real and reciprocal space for a lamellar system with parallel,
perpendicular, and tilted orientations relative to a substrate. In keeping with previous
conventions
12
,
we define a as the angle of incidence of the incoming beam with respect
to the surface normal such that a = 0° indicates the incident x-rays are parallel with the
surface normal and a = 90° indicates the incident x-rays are coming edge-on to the
sample or at a 90° angle with the surface normal. The azimuthal scattering Q is a
measure of the scattering intensity measured around a ring, in the plane of the 2-D
detector, that corresponds to the same scattering vector, q. For oriented, lamellar
copolymers, the azimuthal angular (Q) dependence of the observed scattering will be a
function of the angle of incidence, a, and the orientation of the lamellae with respect to
the sample surface. As usual, the scattering vector is defined as q = 4n/X sin e/2, where X
is the wavelength and 8 is the scattering angle. As depicted on the right hand side of
figure 4.1, random orientations of the lamellar grains in the plane of the substrate results
in a distribution of the scattering intensity in reciprocal space in the kx , ky plane.
In describing lamellae tilted with respect to the substrate, we now define a new
angle, y, which is the angle between the lamellar axis and the surface normal, such that y
= 0° defines a lamellar orientation perpendicular to a substrate and y = 90° defines a
parallel orientation. As shown in Figure 4. 1 , varying the angle of incidence a of the x-
rays, one can easily distinguish between various lamellae orientations. In considering the
scattering observed for different lamellar orientations (y's) at different angles of
incidence (ot's), there is a condition of visibility inherent in our scattering experiments.
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For lamellae lying in perfect reg,ster with a substrate (y = 90°), in keeping with
Figure 4.1, two strong equatorial reflections can be observed at an angle of incidence ofa
= 90". At all other a, there is no observable scattering. In the opposite extreme, where
the lamellae are oriented perpend,cular to a substrate (y = 0°), two meridonal reflections
would be observed at a > 0°. Since there is no preferred orientation of the grains with
respect to the plane of the film, the scattering intensity is distributed about a ring in
reciprocal space in the kx , ky plane. This ring of intensity would therefore be observable
at a = 0°. The real space lamellae orientation for parallel and perpendicular lamellae, y =
90° and 0°, respectively, are given in Figure 4.2 along with their corresponding scattering
patterns expected at different angles of incidence, a.
In the case of lamellae tilted with respect to a surface at a set y, the observed
scattering is significantly different. At a = 90°, two reflections would be observable
where the peak location is off the kx axis by the lamellar tilt angle, y. As a decreases, the
peak positions would approach the equatorial axis until the point where a = y. At this
specific condition where the lamellae tilt angle is identical to the angle of incidence, i.e.
a - y, two equatorial reflections would be observed. At any a < y, no scattering would
be observed. A depiction of the scattering observed at different angles of incidence is
given in Figure 4.3.
Combining these three possible lamellar orientations, we can now define a
condition for scattering visibility for our experiments. For a given tilt angle, a, scattering
would be observed only from lamellae which satisfy the condition y < a. Since all the
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Figure 4.2 - Scattering patterns as a function of the angle of incidence (a) for ideal
lamellar orientations of y = 90° and 0°. The left hand side shows the real-space depicted
at an a = 90°. The right hand space gives the expected scattering patterns as a function of
a.
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<x = y a<y
Figure 4.3 - Scattering patterns as a function of the angle of incidence for an ideal
lamellar orientation of a specific y. The left hand side shows the real-space depicted at an
a = 90°. The right hand space gives the expected scattering patterns as a function of a.
75
in- situ scattering experiments were performed at a = 45, the scattering observed in our
experiments arises solely from lamellae with an orientation of y < 45.
4.5. Results and Discussions:
4
- 5 -l- P(S-b-I) annealed without an electric field
Upon annealing a diblock copolymer film in between two surfaces, one normally
expects lamellae to lie parallel to the substrate due to the preferential interfacial
interactions of one block of the copolymer with the surface 14 ' 30 34 and that this parallel
ordering would then propagate some distance into the film. Due to the large thickness of
our films, the surface effects would only be expected to propagate a small distance into
the total film so the overall alignment is effectively unaffected by these surface
interactions. Despite the negligible influence of the surfaces, we still observe a biased
orientation of the lamellae resulting from shearing effects due to the pressing conditions.
As shown in Figure 4.4, tilt studies of the initial state of our samples show the presence
of a broad distribution of lamellae orientations (i.e. a broad distribution of y's). Two
reflections are observed at all tilt angles a, but as a is increased the observed intensity
correspondingly increases. This suggests that while we have many lamellae orientations
present in our samples, more lamellae are lying in register with the substrate than normal
to it. The constant presence, regardless of a, of two reflections also suggests that the
styrene-isoprene system forms relatively large grains and that the observed scattering is
dominated primarily by one large grain of a given orientation.
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Azimuthal Angle (n)
Figure 4.4 - Azimuthal dependence of the scattering intensity for the initial state of a 100
um thick film of lamellar P(S-b-I) as a function of angle of incidence, a. The initial state
is a result of the calendar process used to press the film.
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In-situ reorientation experiments
In all the in situ experiments, the scattering was performed with the sample holder
at a fixed a = 45° with full tilt scans being performed before and after alignment to fully
characterize the lamellae orientation in the sample. Due to our set-up, the scattering
observed in our in-situ experiments will arise solely from lamellae with y < 45°.
Figure 4.5 shows a typical set of scattering patterns for a 55k P(S-b-I) under an
applied electric field of 18 V/um field as a function of time. Repeatedly, four distinct
stages in the orientation were observed. The scattering intensity integrated over the full
width of the reflection in q is shown as a function of the azimuthal angle, Q in Figure 4.6
corresponding to the four distinct stages shown in Figure 4.5. Figure 4.6a, shows the
initial state at 170°C where initially one large grain of lamellae of a given orientation,
satisfying the condition y < a, is observed. This scattering is indicative of the initial
orientation resulting from the sample preparation that is not subsequently removed by
annealing. After 30 seconds under the applied field (16 V/um) the lamellae begin to
reorient. Figure 4.6b shows an increase in the scattering at the equatorial positions (Q =
90° and 270°). As discussed in section 4.4, scattering along the equator arises only from
lamellae satisfying the specific condition y = a = 45°. Also, the overall intensity has
increased, which is the consequence ofmany grains of the lamellar microdomain that
were previously unobservable (y > a) have now begun to reorient and are observed. This
intermediate state is representative of a large number of grains being rotated from a state
where y > a and finally being observed at the earliest state that satisfies the condition y =
a = 45°. With increasing time under the applied field, an isotropic ring of scattering is
seen as shown in Figure 4.6c. This isotropic scattering arises from many small grains of
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Figure 4.5 - 2-D scattering patterns for ~ 100 um film of 50/50 P(S-b-I) measured in-situ
under electric field of 18 V/um showing four distinct states in reorientation process.
(A) t = 0 seconds (B) t = 30 seconds (C) t = 1 min (D) t = 4 min. The incident angle (a)
is 45°.
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Figure 4.6 - Azimuthal dependence of the scattering intensity for the four distinct stages
as a function of time observed during the reorientation process. These curves correspond
to azimuthal scans of the corresponding scattering patterns shown in Figure 4.5.
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arise
lamellar microdomains that have been reoriented by the fields such that their orientations
range from 0 < y < 45°. Thus, the applied field has completely removed the orientafion
initially present in the sample. With further annealing, Figure 4.6d shows the emergence
of two strong meridonal reflections (Q = 0° and 180°). These meridonal reflections
from lamellae oriented perpendicular to the substrate (y = 0°), i.e. parallel to the applied
field lines. With more time under field or increased electric field strength, these
azimuthal profiles narrow and intensify as the perpendicular alignment improves.
The azimuthal scans of the resulting final aligned state are shown in Figure 4.7 as
a function of sample tilt. A full tilt series was performed with a = 0° to 60° being shown.
These results are consistent with a film comprised of grains of lamellar microdomains
oriented normal to the surface, where the grains are randomly oriented in the plane of the
film. At a = 0, an isotropic ring of scattering is observed and as the sample is tilted to
higher a, a high degree of perpendicular alignment is evidenced by the appearance of
only two meridonal reflections.
To quantify the degree of alignment in the oriented samples, a 3-D order
parameter (S) was calculated. S is defined as
S = |(cos 2 Q)-i (6)
such that S = 1 represents perfect alignment of lamellae with respect to the applied
electric field and S = -1/2 would represent alignment normal to the field. Ideally, to
estimate the degree of alignment in these samples, one would use the scattering with
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Azimuthal Angle (Q)
Figure 4.7 - Azimuthal dependence of the scattering intensity for the final aligned state
of- 100 urn lamellar 55k P(S-b-I) placed under an applied electric field (18 V/um) for
20 mins.
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90° (edge on). Since this is not experimental attainable, we have made the following
linear extrapolation that
AQ(90°)=AQ(a)sina (7)
A n (y) is plotted as a function of sin 'a in Figure 4.8. As seen, the plot is indeed linear
and an extrapolation to a = 90° yields AQ (90°) = 35°. An estimate of the full width at
half maximum (FWHM) for a = 90° through this extrapolation yields an orientation order
parameter S = 0.82. As discussed an S=l would represent perfect lamellar alignment
with the field, so a value of 0.82 represents a high degree of alignment, especially for
such thick films.
Ifwe examine the q-dependence of the scattering when the copolymer is not fully
aligned, an interesting result emerges. Shown in Figure 4.9 is the q-dependence of the
scattering for a = 45° under 1 8 V/um at t = 30 and 240 seconds. The peak position
observed initially and after full orientation corresponds to the equilibrium period of the
lamellar microdomain morphology of the copolymer, i.e. L0 = 30.5 nm. However, during
the orientation of the copolymer, the scattering changes significantly. As seen, the width
of the reflection increases and a second reflection emerges at a higher q, i.e. smaller
spacing. These data suggest two possible scenarios by which the lamellar microdomains
may orient. The observed peak shifts from an initial or final q = 0.206 nm"
1
, to a q =
0.193 nm"
1
at this intermediate stage. This shift to higher q would then be indicative of a
lamellar period decrease normal to the field direction by -6% to L0 = 32.6 nm where L0 =
27i/q. This may arise by a shearing process induced during the orientation. Alternatively,
in keeping with the broadening and reduction in intensity, the appearance of the reflection
83
160
-n
1 n 1 i 1 1 1 1 1 1 r
1.0 1.5 2.0 2.5 3.0 3.5 4.0
sin"
1
a
Figure 4.8 - Linear extrapolation of the full width at half maximum (FWHM) to sin" 1 a =
1
,
i.e. corresponding to a = 90°. From this extrapolation, an orientation order parameter
S=0.82 can be calculated for the aligned lOOum lamellar film of P(S-b-I).
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Figure 4.9 - Plot of Iq2 vs q for ~ 100 jim of lamellar 55k P(S-b-I) measured in-situ
during alignment at 1 8 V/um. Clear evidence for a second reflection emerging at a
higher q, i.e. smaller spacing, is observed in intermediate state during reorientation
process.
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at higher q may indicate the presence of a disordered phase, where segmental mixing or a
disordering of the block copolymer occurs during orientation.
The broadening in q can be understood in terms of a breaking up of the copolymer
microdomain grains. Previous calculations35 and experimental work36
"38
, have shown
that diblock copolymers, due to the anisotropic shape of the lamellar or cylindrical
microstructure, form highly anisotropic grains that arise from a preferential growth of the
microdomains along their long axis. For grains to rotate and reorient, the electric field
must induce a disruption of the domains, making them smaller and more spherical in
shape, so that the grains can easily rotate without requiring a massive, coordinated
motion ofmany grains simultaneously. However, this simple grain rotation can only be
realized in films much thicker than the size of the individual grains. Distinctly different
behavior is observed in films approaching the size of the copolymer grains, where the
influence of the substrates can no longer be ignored. In P(S-b-MMA), a threshold field
12
strength was found below which the domains do not orient, reflecting the difference in
dielectric constants of the microdomains and the interfacial interactions between the
copolymer and the substrate. Alignment occurs only when the electric field strength is
greater than the interfacial interactions in the system. In these thin films, it appears that
alignment occurs by an enhancement of fluctuations at the interfaces between copolymer
microdomains.
After an initial alignment of the copolymer for four minutes at 18 V/um, the
applied field was removed while keeping the system at 170° C. Upon removal of the
applied field, as shown in Figure 4.10, within minutes the peak intensity decreased while
the FWHM increased. However, the orientation of the microdomains was maintained.
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Figure 4.10 - Azimuthal dependence of scattering intensity for a 100 urn ± 10% of
lamellar 55k P(S-b-I) measured during alignment at 18 V/um where field is cycled on,
off and then on.
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ion
Subsequently, the sample was again placed under an electric field for another 1 5 minutes
at 1
8 V/pm and the orientation of the microdomains was seen to increase with time. By
allowing the system to relax between applied fields, the final alignment achieved was
observed to be better than the alignment achieved under a constant applied field. This
indicates that, under a constant applied field, the copolymer is trapped in
equilibrium state. One can overcome this kinetic barrier by allowing a partial relaxati
of the system. This also implies that a suitable frequency could be found that would
optimize the copolymer orientation.
Rheological studies have shown that diblock and triblock copolymers orient
distinctly different ways.
39
'
40
This can be understood in terms of the number of tie
points in the chain for diblocks and triblocks. As shown in Figure 4.1 1, a diblock
copolymer has only one tie point, where a triblock material has two tie points which
effectively alters the number of shear planes in a stack of lamellae of similar diblock and
triblock materials. This understanding of the number of tie points or shear planes has
been used to explain the observed differences in rheological reorientation experiments
using diblock and triblock copolymers. In the reorientation experiments using an applied
external field, however, we do not observe a difference in the mechanism of alignment
between the SI diblock and SIS triblock systems. As shown in Figure 4.12, an SIS
triblock copolymer was found to respond to an applied electric field in a manner
essentially identical to that of the diblock. Figure 4. 1 2a shows the scattering is initially
isotropic with little azimuthal angle dependence. This scattering is again indicative of the
initial alignment of the triblock system due to the calendar processing. After a short
period of time under an applied field, the two equatorial reflections intensifies showing
Diblock Triblock
Copolymer Copolymer
Figure 4.11- Effect of two tie points per chain compared to one tie point on affecting
possible rheological or molecular behavior between triblock and diblock copolymers
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Figure 4.12 -Azimuthal dependence of scattering intensity measured in-situ at 10 V/um
for a -100 urn film of lamellar 43k SIS triblock (25/50/25 vol%).
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lamellae being reoriented and satisfying the condition a = y = 45°. Subsequently, the
scattering then becomes only weakly dependent on the azimuthal angle (Figure 4.12c),
and finally the meridonal reflections intensify indicating final alignment of the lamellae
normal to the surface, i.e. parallel with the applied electric field (Figure 4.1 2d). Figure
4.12e shows with extended exposure to an applied field, the meridonal reflections
intensify and sharpen, characteristic of enhanced alignment. The reduction in the time
scale or kinetics of orientation is simply due to the fact that the experiments on the SIS
were performed at lower temperatures (T~140°C) to avoid the disordered state. The final
copolymer state was checked by tilt studies following alignment under the applied field.
This is shown in Figure 4.13 and again, as with the diblock, an isotropic ring of scattering
is observed at cc=0 and only two equatorial reflections are observed for all other tilt
angles.
The similarities in the orientation of the di- and triblock copolymers by an applied
electric field supports the concept that orientation occurs by the rotation of grains of the
lamellar microdomains. If the dominant mechanism of alignment were by an
enhancement of interfacial fluctuations or some other mechanism that required a
molecular response, distinct differences between the di- and triblock copolymers would
have been observed.
As discussed, the importance of the monomer polarizability in the orientation of
the copolymer microdomains can be examined by a comparison of the orientation of P(S-
b-I) and poly(styrene-block-butadiene), P(S-b-B). In the case of P(S-b-I) , a weak dipole
is oriented along the chain axis, whereas in P(S-b-B), a polymer with a nearly identical
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Figure 4.13 - Azimuthal dependence of scattering intensity for final aligned state of ~
100 um lamellar 43k SIS triblock.
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composition, there is no chain dipole present. A 120p.m film of P(S-b-B) was pressed as
described and annealed under an applied field of
-11.5 V/um for 5 hours at 1 50°C. The
copolymer orientation was examined by SAXS on a rotating anode instrument. Figure
4. 1 4 shows the observed 2-D scattering patterns for the P(S-b-B) samples annealed with
and without an applied electric field at a = 0 and 45°. Figure 4.14a, shows a P(S-b-B)
sample without applied field at a = 0°. These lamellae are oriented predominantly
parallel to the surface, due to the sample preparation, and only weak scattering is
observed at a = 0°. Upon applying electric field, the intensity increases significantly as
seen in Figure 4.14b. Subsequent tilting to a = 45°, shows strong meridonal reflections
corresponding to an orientation of the lamellae normal to the surface, i.e. parallel to the
field lines (Figure 4.14c). This behavior is identical to that seen for the P(S-b-I)
copolymer. Consequently, these results argue strongly that the orientation of the dipoles
is not the driving force behind the orientation of the microdomains. Therefore, the
orientation of the microdomains must be due to a simple dielectric body argument as
previously put forth. The low frequency dielectric constants of the polymers used in this
study at room temperature are known to be ePS= 2.5, ePMMA = 3.6, eP] = 2.37-2.45, 6pB(i,4)
= 2.51. Therefore, the dielectric constant differences for P(S-b-MMA), P(S-b-I) and P(S-
b-B), are A8p(S-b-MMA) ~ 8.5 - 22 Aep(s-b-i) and Asp(S-b-iviMA) -101 AeP (S-b-B)- However, from
equation 3, we see that the free energy difference for lamellae oriented with the field vs
normal to the field does not scale with Ae but rather a more complex dielectric mismatch
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Figure 4.14 - 2-D scattering patterns for ~ 120 \im film of lamellar 42k P(S-b-B) (50/50
vol%). (A) E = 0 V/um, a = 0° (B) E = 1 1 .4 V/um, a = 0° (C) E = 1 1 .4 V/um, a = 45°.
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parameter. Substituting the dielectric constants for blocks A and B, the electric term in
the free energy scales as
2s
a
E
.(B)
To keep this product at a constant level (e.g. to compete with some other energy
contribution), E scales like (ea-eb)- * It should be noted that this scaling is made for a
bulk-like sample, where any affects of the surfaces can be neglected. Using the published
dielectric constants, a ratio for the free energy difference between P(S-b-MMA) and P(S-
b-I) would scale as AFSM ~ 8-20 AFSI is found. Since the dielectric constants of polymers
are known to vary with temperature, dielectric measurements were performed
(Novocontrol GmbH, Germany) as a function of temperature for all three homopolymers
materials used. At high temperatures and low frequency, it was found that the dielectric
constants did indeed change. Measurements at 170°C and 10 Hz of £PS=3.0, 8PMma =
5.25 and epj = 2.8 were recorded. This is somewhat expected as polymers with no
significant dipoles should observe little effect with temperature, but a polymer with a
large dipole, such as PMMA, shows a significant dielectric effect upon heating due to the
presence of the strong carbonyl dipole. Using these dielectric constants to calculate AF,
one gets EC
SM
= 9.4 EC
SI
. As previously reported
5, 9
for the bulk alignment of P(S-b- I
MMA), electric field strengths of 1-2 V/um were found to be necessary. In our work,
alignment in P(S-b-I) was observed for various electric field strengths but reorientation
was never observed for electric field strengths below 10 V/um. So while the expected
dielectric mismatch could be up to a factor of 22 times greater for P(S-b-I) than P(S-b-
MMA), it is not simply Ae which is of importance but rather a more complicated
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dielectric mismatch parameter. With the dielectric constants for the homopolymers used
in this study at low frequencies and 170°C, the calculated ratio for Ec between P(S-b-
MMA) and P(S-b-I) corresponds well to the factor of 10 increase in electric field strength
necessary to significantly align thick films of P(S-b-I) in comparison to P(S-b-MMA).
4.6 Conclusions
We have shown that electric field alignment of the copolymer microdomain in
P(S-b-I) samples is achieved. The mechanism of alignment was followed with in-situ
SAXS studies with four distinct states being observed. The mechanism of alignment
observed in these films is predominantly a grain rotation of the copolymer microdomains.
However, this grain rotation is only achieved in films much thicker than the size of the
individual grains. This is in marked contrast to the mechanism of alignment previously
observed in thin films, where the presence of the substrate cannot be ignored, which
appears to proceed through fluctuation pathways. Evidence is given that suggests during
orientation the copolymer undergoes a significant disruption of it's initial state, through
either a shearing or disordering of the copolymer. Additionally, the initial copolymer
grain size is significantly reduced to allow the rotation mechanism to proceed. Identical
behavior observed in a SIS triblock material further strengthens the grain rotation
argument. Following alignment, a dynamic experiment was performed showing the
copolymer can become kinetically trapped in a non-equilibrium state during
reorientation. This kinetic barrier can be overcome via a partial relaxation and suggests a
suitable frequency could be found to optimize the copolymer orientation in these
samples. The importance of the molecular dipole along the chain backbone in P(S-b-I) is
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eliminated through comparative studies with P(S-b-B) which has nearly identical
chemical structure and dielectric propert.es but eliminates the presence of the chain
dipole. Alignment is understood in terms of a dielectric body argument whose energy is
dependent on a dielectric mismatch parameter. The system free energy therefore scales
with the dielectric constants of the two blocks as (ea-eb)-
l/2
.
Inserting the dielectric
constants of the homopolymcrs taken at low frequencies and high temperatures, it is
found that the calculated ratio for Ec corresponds well to the factor of 10 increase in
electric field strength observed in the alignment of thick films I>(S-b-I) compared to
previous work on P(S-b-MMA).
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CHAPTER 5
REFLECTIVITY OF THIN FILMS OF P(dS-b-MMA) UNDER FIELD
5.1. Introduction
Thin films of diblock copolymers have attracted considerable attention recently
due to their ability to self-assemble into ordered nanoscopic morphologies that show
potential as templates for nanolithography 1 ' 2
,
catalytic surfaces 3
,
high density separation
media4
,
and ultra-high density nanowires. 5 The use of diblock copolymers as
nanotemplates is particularly attractive due to the ease in preparation and subsequent
functionalization6
"8
of these templates, as well as, the ability to generate various
morphologies by simply controlling the relative lengths of the individual blocks of the
copolymer. 9 To realize the full potential of these materials, however, necessitates the
ability to control the spatial orientation of the resulting structures. An orientation in thin
films of the copolymer microstructure normal to a surface especially lends itself to future
nanotemplating possibilities.
Extensive research in recent years have shown that the ordering behavior of
diblock copolymers in thin films differs considerably from bulk films due to the
dominance of interfacial interactions. 10
" 19
For diblock copolymers that form lamellar or
cylindrical microstructures, the interfacial interactions dictate that under simple annealing
conditions a wetting layer must exist at both the substrate and free surface interfaces
comprised of the blocks with the lower interfacial and surface energies, respectively.
This preferential wetting leads to a parallel orientation of the copolymer microdomain
morphology with respect to the interface. Defining two possible ordering scenarios, thin
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films can either wet symmetrically, where the same block preferentially wets both the
substrate and the surface interfaces, or asymmetrically where different blocks segregate
to the two interfaces. With symmetric and asymmetric wetting, the film thicknesses at
any point are defined by nL0 and (n + y2 )Lo , respectively, where L0 is the bulk
equilibrium period. In cases where the initial film thickness differs from these conditions
a surface topography forms consisting of islands or holes with a step height L0 .
12, l3
'
15
'
17
-
20 25
The formation of islands and holes relieves frustration imposed by an
incommensurate film thickness while maintaining a parallel orientation. In general, these
interfacial interactions dictate a strong orienting force for the copolymer microdomains
parallel to the substrate. Indeed, it has even been shown that these interfacial interactions
are strong enough in thin copolymer films to maintain parallel ordering at surfaces even
above the bulk order-to-disorder transition temperature. 13, 14 ' 26
In recent years, studies have focused on achieving orientation of copolymer
microstructure normal to the surface in thin films, where mechanical methods are not
applicable. In films with a total film thickness less than L0 , the formation of a surface-
parallel phase would incur a large entropic penalty and a perpendicular orientation of the
copolymer domain has been predicted27
"29
and observed. 1 u 30
"33
Metastable perpendicular
orientations have been observed, for both lamellar and cylindrical domains, by solvent
casting procedures.
34
'
35
In addition, neutralization of the preferential interactions36, 37 of
the substrate with either block of the copolymer has been shown to be highly effective in
orienting copolymer domains normal to a surface. Due to preferential surface interaction
at the free surface, however, a normal orientation is typically maintained only for films
with a total thickness < L0 or where yA = Yb-
38
'
39 While normal orientation can be
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obtained via these routes, propagation of orientation away from the surface persists only
for a few L0
.
By applying an external electric field normal to a substrate, however,
orientation of copolymer microdomains perpendicular to a substrate can be achieved over
large distances.
Previous results on the reorientation of copolymer microstructure by an electric
field in "thick" films, where the effects of the surface can be neglected, suggest that the
observed alignment mechanism proceeds by a breaking up of the grains of the copolymer
microdomains followed by a rotation of the grains in the preferred direction. This,
however, can only occur in films where the film thickness is large in comparison to the
grain size. In thin films, where surface effects dominate the film behavior, a direct
competition between the interfacial interactions and the electric field force was
observed.
40 An asymmetric polystyrene-block-poly(methyl methacrylate) copolymer,
P(S-b-MMA), was observed to undergo complete reorientation of the cylinders only
when the applied field overcame the interfacial interactions. This occurred at a well-
defined threshold electric field strength, E
t , and was observed to be independent of the
film thickness. Close to E
t ,
strong indications of a structural rearrangement of the
copolymer morphology were observed even before complete orientation. This is
consistent with the observed coexistence of parallel and perpendicular orientations in
these thin films over a range of electric field strengths below E ( . Above E t , the
electrostatic forces overcome the interfacial energy and only perpendicular orientation is
observed. Interestingly, the surface-induced orientation of the copolymer cylindrical
microdomains was observed to propagate into the interior of the film over distances quite
large compared to L0 and was independent of film thickness. The presence of this surface
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layer is reminiscent ofliquid crystals where reorientation can not occur without
introducing defects. As long as the surface anchoring prevails, the response of the system
to an applied electric field is not a reorientation of the structure, but rather an undulation
perpendicular to the surface. 41 ' 42 These Helfrich-Hurault undulations43 ' 44 are suppressed
close to the interface but are amplified with increasing distance from the interface as
depicted for a stack of layers in Figure 5.1
.
We will focus on lamellar copolymers which have been predicted to respond to an
applied shear45 or electric field42 by the formation of Helfrich-Hurault undulations.
Lamellar diblock copolymers are similar to smectic liquid crystals Stacks of lamellae
lying parallel to a surface give a well-defined initial state from which to begin fluctuation
studies. Neutron reflectivity will be used to study the affects of an applied electric field
on the interfacial structures for 1 urn thick films of a deuterated polystyrene-block-
poly(methyl methacrylate) copolymer, P(dS-b-MMA), where the "d" indicates that the
styrene block has been perdeuterated. Both interfacial effects and the length scale over
which surface alignment propagates into the film will be investigated as a function of the
surface interaction as well as the initial state of the copolymer. Experimental evidence is
given that shows that the electric field greatly disrupts the surface-induced parallel
orientation of the lamellae and this disruption is directly proportional to the electric field
strength. This is consistent with undulations, induced by the applied field, being the
dominant mechanism for reorientation in thin films.
104
Figure 5.1 - Example of Helfrich-Hurault undulations for a lamellar stack with an applied
external field parallel to the substrate normal. The presence of the surface suppresses
fluctuations near the surface with increasing fluctuations as one goes away from the
substrate.
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5.2. Experimental
5.2.1. Polymer
A symmetric diblock copolymer of perdeuterated polystyrene and poly(methyl
methacrylate) P(dS-b-MMA) was synthesized anionically as discussed in Chapter 2. By
size exclusion chromatography (SEC), taken relative to a series ofpolystyrene standards,
the copolymer was determined to have a weight average molecular weight (Mw ) of
5.4x1
0
4
and polydispcrsity (PDI) of 1 .041 with an approximate dPS volume fraction of
0.5 Following synthesis, the copolymer was soxhlet extracted in cyclohexane for
approximately 8 hours to remove any residual polystyrene homopolymer. The copolymer
forms lamellar microdomains with a characteristic period of 24 nm as determined by
small-angle neutron scattering (SANS) and neutron reflectivity (NR) data. No observable
order-to-disorder transition temperature (ODT) below 220 °C was found for this
copolymer by either small angle neutron scattering (SANS) or optical microscopy. 46, 47
A random copolymer of polystyrene and poly(methyl methacrylate), P(S-r-MMA)
with a styrene fraction of 0.72 was synthesized by C. Hawker (IBM, Almaden Research
Center) in bulk via a living free radical polymerization utilizing a hydroxy functionalized
TEMPO initiator. 36,48 "50 This synthesis provides controlled random copolymers of low
polydispcrsity with different chemical moieties on opposite chain ends, namely a
hydroxyl and a TEMPO terminal group. The random copolymer was found to have Mw =
10,350 and PDI = 1 .5 as measured by SEC.
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5-2.2. Sample Preparation
Random copolymer brush films were generated by spin coating -60 nm films
from a 1% (v/v) 70/30 P(S-r-MMA) copolymer solution in toluene. Films were spin
coated at 500 rpm onto silicon wafers and annealed under vacuum at -160 °C for three
days. During annealing, the hydroxyl terminal groups attach to the native oxide surface
of the silicon wafer. Following annealing, the samples are rinsed thoroughly with toluene
leaving a thin brush layer having a thickness of 6 nm, as measured by ellipsometry. At a
styrene volume fractions of
-0.58, the brush is non-preferential. Here, however, with a
styrene volume fraction of 0.7, there is a weak preferential wetting of polystyrene at the
70/30 brush layer.
Samples for this work fall into three general categories: (1) preannealed block
copolymer film on Si wafer (2) preannealed block copolymer film on 70/30 P(S-r-MMA)
brush (3) as spun block copolymer film on 70/30 P(S-r-MMA) brush. 10% (v/v)
solutions of the deuterated block copolymer in toluene were used in spin coating ~1 urn
thick films onto either bare silicon wafers or silicon wafers with the random copolymer
brush layer attached. Preannealed films, were placed in an annealing oven under vacuum
at 175 °C and annealed for 72 hours. A schematic of the general sample configuration is
given in Figure 5.2. As discussed, it is known that surface interactions will drive the
copolymer to form a well ordered lamellar structure parallel to the substrate. For P(S-b-
MMA) copolymer on the native SiOx , the resulting structure will be an asymmetric
wetting with PMMA going to the SiOx interface and dPS going to the free surface. In
contrast, the wetting on the random copolymer brush will be symmetric with dPS going
to both interfaces. In both cases, the end result of the preannealing is a well-defined
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54k P(dS-b-MMA) lamellar diblock
copolymer film (t ~ 1 |um)
Random Copolymer Brush
[HO-(PS-r-PMMA)
Substrate
Figure 5.2 - General sample preparation for studies by neutron reflectivity (NR)
comparing the affect of changing surface interactions and sample orientation on electric
field alignment. Three main samples were studied (A) Preannealed film on silicon wafer
(B) Preannealed film on random brush (C) As-spun on film on random brush.
initial condition for our samples with lamellar domains lying parallel with the substrate.
The electrodes used were -12.5 urn Kapton sheets with 1000 A of aluminum evaporated
on one side. The top electrode was placed Kapton side down on the free surface and the
bottom electrode was placed with the aluminum side in direct contact with the silicon
wafer. Since silicon is a semi-conductor, conduction does occur between the Si wafer
and the aluminized Kapton and, therefore, the Si wafer effectively acts as the lower
electrode. Again, the electric field is applied with the field direction parallel to the
surface normal. During the experiment, samples were placed in an annealing oven
maintained with an inert atmosphere (N2) for ~8 hours at 175 °C at each subsequent
electric field strength. For the preannealed copolymer film of group (1) and (2), samples
were reused in an incremental fashion such that effectively one sample was used for all
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electric Geld strengths. With .he as-spun copolymer films, a new sample was used for
each elee,rie field strength so that the metastable initial stale formed after spin coating
was maintained in all samples.
5.2.3. Neutron Reflectivity
Neutron reflectivity is a sensitive means of probing polymeric interfaces.5154 The
high spatial resolution of NR provides a quantitative means to measure very small
differences in interfacial widths between layers. Deuterium has a large scattering length
density, compared to hydrogen. Since deuteration normally does not significantly alter
the behavior of the copolymer, large scattering contrast can be effectively induced via a
selective labeling of one block of a copolymer through deuteration. The scattering length
densities (b/V) for the corresponding homopolymers in our block copolymer are 6.37 x
10
10
cm"
2
and 1 .03 x 1010 cm"2 for dPS and PMMA respectively. The random copolymer
scattering length density will lie between the scattering length density for the
corresponding PS and PMMA, i.e. between 1.37 x 10 1() cm"2 and 1.03 x 10 10 cm'2 . The
scattering length densities for Si and Si02 are also known to be 2.1 x 10 l() cm"2 and 3.0 x
10 cm'
.
Neutron reflectivity was performed on the NG7 beam line at the National
Institute of Standards and Technology (NIST) in Gaithcrsburg, MD. The instrument on
NG7 is a cold source neutron rcflcctomctcr with horizontal sample geometry. Using a
pyrolytic graphite monochromator, a wavelength of X = 4.6 A" 1 was chosen with a
resolution of Aqz/qz = 5% where q2 = (47i/A,)sinO and 0 is the grazing incidence angle.
The beam width on the sample is -30 mm. Due to concerns about the surface roughness
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owing to the relatively thick 1 um films, the incident beam was brought through the edg,
of the substrate on to the Si/copolymer interface.
5-3. Results and Discussions
Studies were performed as a function of various applied electric field strengths,
re-using the same samples in the preannealcd state but applying each electric field to a
fresh "as-spun" sample. Figure 5.3 shows the reflectivity profiles for the three scenarios:
(1) preannealcd on silicon (2) preannealed on brush and (3) as spun on brush with no
applied electric field. At each desired field strength, including 0 V/mn for consistency,
all samples were annealed at field for 8 hours at 175 °C. Considering the 8 hour
annealing, the reflectivity is as expected. For all three cases, the initial state reflectivity
profiles are quite similar. The ordering is observed to be predominantly parallel with
strong first and third order Bragg reflections and a maximum reflectivity near unity for
the first order peak. The strength of the third order Bragg reflection is indicative of the
long-range ordering in the samples and is observed to be substantial. For a perfect
lamellar system, the second order Bragg reflection should not be observable. In our
system, a second order reflection is evident, suggesting that our system is not perfectly
symmetric. The integer relationship of the first and third order Bragg reflections shows
that the copolymer system forms a lamellar microstructure. The intensity of the first
order reflection is essentially identical for the preannealed films on both silicon and the
brush, indicating the parallel ordering is significant in both cases. The first order
intensity is -30% lower for the as-spun film. The lower intensity is a result of the sample
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1 micron 54k lamellae dPS-PMMA
Comparing Initial State for samples at 0 V/jli
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Figure 5.3 - Neutron reflectivity (NR) data for initial states for all three starling
conditions. (A) Preannealed film on silicon (B) Preannealed film on 70/30 brush (C) As-
spun film on 70/30 brush. All samples are 1 um thick film of 54k lamellar P(dS-b-
MMA).
I 1 1
being annealed for only 8 hours, compared to an effective 80 hour anneal for the
preannealed films, and thus, did not have enough annealing time to go through the kinetic
processes required to eliminate defects and reach a similar degree of parallel ordering.
All three sets of samples show the first order Bragg reflection occurring at q z = 0.262
nm 1
,
which corresponds to a lamellar period of 24 nm (L0 = 27i/qz) the equilibrium bulk
period found by SANS. For samples on the brush, an increased fall-off in the intensity
beyond the critical angle, but before the first order reflection, is observed. This intensity
drop-off is a direct result of the different wetting behavior of the copolymer on Si
(asymmetric) compared to the brush (symmetric) that dictates either a PMMA or dPS
wetting layer, respectively.
Reflectivity profiles for the samples as a function of electric field strength are
shown in Figure 5.4 for a preannealed film on the brush. The same trend was observed in
all three samples. As the electric field is applied, a substantial change in the reflectivity
profiles is observed. The initial state, consisting of near perfect parallel layering of the
lamellar stacks, is markedly reduced by increasing the applied electric field strength as
evidenced by the reduction in the intensity at all the Bragg reflection positions. The
position of the first order reflection, however, is maintained. Consequently, the number
of layers lying parallel to the surface decreases. This trend continues with increasing
electric field strength with a corresponding intensity loss at the first-order position.
Long-range ordering, as indicated by the third-order reflection, is lost completely at
relatively low electric field strengths. This is evidence of a major disruption of the
surface-induced parallel orientation of the lamellae by the applied electric field, and
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Figure 5.4 Representative NR data for initial states for preannealed 54k lamellar P(d8S-
b-MMA) film on silicon wafer at different electric field strengths.
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would be consistent with the introduction of undulations at the copolymer interfaces,
where the magnitude of the structure disruption is dependent on the applied field strength
A comparison of the three sample states, at the same high electric field strength,
readily shows the effects of varying surface interaction strength or the initial copolymer
state. A comparison for the three states at 20 V/um is given in Figure 5.5. The
copolymer film on Si, which has the strongest surface interactions with the copolymer,
shows the highest intensity first-order Bragg reflection at 20 V/um. This sample also
maintains significant long-range ordering as evidenced by the pronounced third order
reflection. The electric field, however, has disrupted the initial structure significantly
with the first order reflection now - 70% less intense at 20 V/um than compared to the
intensity observed after annealing. The observed changes in the reflectivity profiles as a
function of electric field strength is similar to previous work26 performed on surface
induced ordering near the order-to-disorder transition (ODT), where, as one approaches
the ODT temperature, the first order reflection was observed to decrease in intensity
while higher order reflections were gradually lost completely. In this work, an
exponentially decaying concentration profile was assumed as a model with
0ps(z)= max (f)Ae
2,4
cos Z^ L
,(f)se
(l z)
'* cos
v L )
+ <Prs (1)
where <j)PS(z) is the volume fraction of PS segments a distance z from the surface in a film
with a total thickness t. <j)A and are the excess concentrations of PS at the air and
substrate interfaces, respectively; L is the average period of the diblock copolymer; and
(f>PS is the average concentration of PS in the copolymer. As discussed, the total film
thickness (t) for diblock copolymers in the ordered state is dependent on the wetting
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Figure 5.5 - Comparison ofNR data for three sample states for preannealed 54k lamellar
P(d8S-b-MMA) film at 20 V/um electric field strength.
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behav10r is given by ekher nL0 or (n + V2)L0 where n is an integer. Using a similar
model, we can calculate a decay length for our system that would be indicative of the
oscillations in the concentration profile as a function of film thickness away from the
surfaces. While not quantitative, this model does capture qualitatively the observed
reflectivity behavior. Focusing solely on the intensity of the first order reflection, Figure
5.6 shows the calculated best fits for the preannealed copolymer on silicon at 0 and 20
V/jxm. Using equation (1) to calculate the scattering length density profile, we estimate
% must be reduced by -60%, from 1 um to 400 nm, to fit the 70% decrease in intensity
observed. For the preannealed film on the 70/30 brush, the interfacial interactions are
significantly less, with only a slight preference for PS at the brush interface. This is
reflected in the complete loss of the long-range order in the film at 20 V/um and an
observable 90% decrease in the intensity at the first order reflection. Using the same
concentration profile, an -80% reduction in £ is necessary to fit the intensity loss at the
first order reflection. Comparing the preannealed films on silicon and on the brush, the
intensity of the first order reflection is -70% less intense with an observed reflectivity of
0.056 compared to 0.184. For the as-spun film on the brush at 20 V/um, the morphology
is almost completely oriented normal to the surface with only a vestige of a first order
reflection evident. For complete perpendicular orientation of the lamellae with respect to
the substrate, no reflections would be observed and the reflectivity would be that of a film
with uniform scattering length density (b/V).
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Figure 5.6 - Neutron reflectivity data for 54k lamellar P(d8S-b-MMA) preannealed
copolymer film on SiOx at 0 V/um and 20 V/um. Solid lines represent fits to the
reflectivity data using scattering length density profiles calculated from equation (1) with
4 = 10,000 and 4,000 A respectively.
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was
5.4. Conclusions
For thinner films, where the surface aligning forces can not be ignored, a
threshold electric field strength
40
was found for P(S-b-MMA) below which the domains
do not orient. A surface-induced orientation of the copolymer microdomain
observed which was independent of film thickness and propagated into the interior of the
film over distances quite large compared to the copolymer repeat distance, L0 . This
observed surface anchoring is reminiscent of phenomena observed for liquid crystals,
where as long as the surface anchoring prevails, the response of the system to an electric
field is not a reorientation of the structure but rather an undulation perpendicular to the
surface.
41,42
These Helfrich-Hurault undulations are well documented as a dominant
instability in smectic and cholesteric liquid crystals under an applied magnetic field or
uniaxial tension, where the external field is applied normal to the substrate plane. 41 This
is in sharp contrast to the mechanism of alignment observed in thick films, where the
effects of the surface can be neglected, which proceeds through a grain rotation.
To better understand the mechanism of alignment in thin films under an applied
electric field, neutron reflectivity experiments were preformed on a lamellar P(dS-b-
MMA) diblock copolymer. Lamellar copolymers are analagous to smectic liquid crystals
and similar instabilities could be anticipated. We have studied electric field effects for
three different copolymer systems with varying interfacial interaction strengths, tuned
through the use of a copolymer brush28 ' 55 ' 56
,
as well as different initial copolymer state.
While the initial state (0 V/um) of all three copolymer was observed to be nearly
identical, with surface forces mandating a parallel orientation of the copolymer
microstructure, the behavior under field was considerable different. The preannealed
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Him on SiO x
,
where the surface interaction is strongest, maintained the highest degree of
ordering at 20 V/um as evidenced by the intensity of the first order reflection, and a
considerable degree of long-range order indicated by the pronounced third order
reflection. Comparing the preambled films on Si and on the 70/30 brush at 20 V/pm, a
Significant decrease in the intensity of the first-order reflection is observed for the brush
system. Also, a complete loss or the third order reflection is observed, suggesting a
complete loss of long-range order for the sample on the brush. In comparison, the as-
spun film on the brush at 20 V/um
,
shows only a vestige of a fust order reflection,
suggesting that the copolymer microslructure is almost completely aligned normal to the
film surface. All the experimental data suggests the electric field produces a major
disruption of the surface-induced parallel orientation. It is shown that the degree of
disruption of the surface induced ordering is directly dependent on the electric field
strength, the surface interaction, and the copolymer initial state. While this is only
qualitative, more quantitative studies should be performed where the decay length of the
surface layer away from the substrate interface can be directly tied to the strength of the
interfacial interaction.
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APPENDIX A
P(S-b-MMA) COPOLYMERS AS NANOTEMPLATES
A.l. Introduction
Polymers offer unique avenues for the structural control of materials on the
nanoscopic length scale for the production of nanoporous media, membranes,
lithographic templates and scaffolds for assemblies of electronic materials. 1
"4
With
structures on this length scale, quantum properties of electronic materials are exhibited
even at elevated temperatures. The natural length scale of polymer chains and their
morphologies in the bulk lie precisely at these length scales and, as such, there is a
substantial effort to produce, characterize and use polymeric nanostructures. The ease of
processing polymers adds to the attractiveness of polymer-based nanostructures. In
comparison to the time-intensive process of sequential writing of nanoscale patterns,
nanostructure formation by self-assembly is highly parallel and inherently fast. Block
copolymers are ideal materials in this respect, since, due to the connectivity of two
chemically distinct chains, the molecules self-assemble into ordered morphologies with a
size scale limited to molecular dimensions. Of particular interest are block copolymers
that form cylindrical microdomains, since the elimination of the minor component
transforms the material into an array of nanopores.
A prerequisite for the use of copolymers is the control over the orientation of the
microdomains. In particular, for cylindrical microdomains, an orientation normal to the
substrate surface is desirable. In this appendix, two different methodologies are
described. In thin films, random copolymers anchored to a substrate can be used to
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produce a neutral or non-prcfcrcnfa. surface/ For entropic reasons, the microdomains
orient normal to the substrate surface/' ,n a second approach, electric fields are used to
orient cylindrical microdomains parallel to the field hues. 7" The approach relies on the
orientation dependent polarization energy induced when an anisotropic body is placed m
an electric field. The microphascs orient such that the interfaces between the two blocks
arc aligned parallel to the electric field direction.
In this appendix, the use of cylindrical microdomains of a copolymer film is
described by which an array of ordered nanoscopic pores with well-controlled size,
orientation and structure can be produced. Selective etching procedures and a
characterization of the samples by analysis of the x-ray scattering along with electron
(EM) and atomic force microscopies (AFM) arc described. The processes outlined arc
shown to be operative over a very large range in sample thickness ranging from 40 nm up
to several tens of microns, giving a large range in aspect ratios for the resultant structures.
These nanoporous films arc promising candidates as membranes with specific transport
properties and as templates for electronic and magnetic nanostructurcd materials.
A. 2. Experimental
A.2.1. Polymer
Asymmetric polystyrenc-block-poly(mcthyl melhacrylatc), P(S-b-MMA), and
dcutcrated polystyrcnc-block-poly(mcthyl methacrylate), P(dS-b-MMA) diblock
copolymers were prepared using standard anionic polymerization methods as discussed in
Chapter 2. P(S-b-MMA) with a weight average molecular weight (Mw) of 39,600 and a
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polydispersity index (PDI) of 1
.08 was used. This copolymer was used in the x-ray
experiments dtscussed below. P(dS-b-MMA) was used for small-angle neutron
scattering (SANS) studies and atomic force microscopy (AFM) experiments. P(dS-b-
MMA) had aMw= 73,400 and a PDI =1.14. Following synthesis, the copolymer was
soxhlet extracted in cyclohexane for approximately 8 hours to remove any residual
polystyrene homopolymer. Both polymers had a PMMA volume fraction of
approximately 30% resulting in a bulk morphology that consists ofPMMA cylinders in a
PS matrix.
A.2.2 Sample Preparation
Thin films of the copolymer (40 nm thick) were spin coated from toluene
solutions onto Si substrates previously coated with a random copolymer having a styrene
fraction of 0.58. Such a surface behaves essentially neutral5 and shows no preferential
wetting of either block component of the copolymer. Subsequently, the films were
annealed at 170°C for 72 hrs under vacuum. Films with a thickness of about 1 urn were
prepared by spin coating from toluene solutions onto a conducting substrate (silicon,
gold-coated silicon or gold-coated Kapton). Each gold substrate was prepared with an
evaporated layer of
-100 nm of gold. The gold layer served not only as the lower
electrode but also as a electron rich marker for the transmission electron microscopy
(TEM). For TEM, the substrate was an Ultem poly(etherimide) sheet, a material that
facilitates microtoming the film into thin cross sections. 12 For the scattering experiments,
a 127 um thick Kapton film was used. The linear absorption coefficient of Kapton is
sufficiently small, so that x-ray measurements could be performed in transmission. The
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upper electrode, in all eases, was a Kapton sheet (12.7 urn) eoated with 100 nm of
aluminum on one side. To avoid eleetriea. shorts the Kapton side of the upper electrode
was placed in direct contact with the polymer. Samples were heated to 170°C, well above
the glass transition temperatures of the two blocks, and annealed for about 14 hours with
an electric field applied normal to the surface. To compensate for the higher viscosity,
resulting from a higher molecular weight, the P(dS-b-MMA) sample was annealed for 24
hours at 200°C. After annealing, the samples were cooled to room temperature before the
field was removed. The upper electrode can be easily removed from the sample in the
glassy state.
A -2
-3 Template Formation and Characterization
For UV exposure, the samples were placed underneath a mercury UV lamp with a
maximum emission at 254 nm. Intensity measurements were made with an IL390B Light
Bug (International Light Inc.). The intensities are based on the assumption that all
intensity is emitted at 254 nm, since the exact spectrum of the lamp used is not known.
Small angle x-ray (SAXS) and neutron (SANS) scattering profiles were obtained with the
incident beam at a 45° offset with respect to the surface normal. The scattering arising
from the sample was recorded on an area detector. The anisotropy of the scattering
pattern can be used to characterize the spatial orientation of the copolymer
microdomains. X-ray scattering was performed with Ni-filtered Cu-Ka radiation from a
Rigaku rotating anode, operated at 40 kV and 220 mA. A gas-filled area detector
(Siemens Hi-Star) was used. SANS experiments were performed at the NG3 beamline at
128
the NIST (National Institute for Standards and Technology) Center for Neutron Research
(NCNR).
Atomic force microscopy (AFM) measurements were performed using a Digital
Instruments Nanoscope II in the taping mode. A JEOL 100CX electron microscope
operated at 1 00kV was used for transmission electron microscopy (TEM). Sections with
a thickness of 50 to 100 nm were microtomed using a diamond knife at room
temperature. Field emission scanning electron microscopy (FESEM) was performed with
a JEOL-JSM 6320FXV and aLEO1560.
A. 3. Results and Discussions
Shown in Figure A. 1 are AFM images obtained from a 40nm-thick film prepared
on a neutral brush substrate after annealing. Figure A.l shows both the height (A) and
phase (B) image obtained for the sample (Images for A.l and A.2 provided by Rachel
Steiner and Elbert Huang) as published. Cylinders standing perpendicular to the
substrate are clearly discernable, particularly in the phase image, since the height
variations are very small.
It is known that PS and PMMA have significantly different photodegradation
properties. PMMA is a negative photoresist, i.e. with ultraviolet (UV) or electron beam
irradiation, the polymer is degraded via chain scission. 13 The chemical processes taking
place in PS upon exposure to deep UV radiation, on the other hand, are less well defined,
with cross linking, chain scission and oxidation taking place. 14 However, under the
conditions employed here the effect of cross linking, i.e. a reduction of the solubility,
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Figure A. 1 - AFM image obtained in tapping mode are shown for a 40nm film of P(S-b-
MMA) on a neutral substrate after annealing at 170 °C. Both height (A) and phase (B)
images are given. A perpendicular orientation of the cylinders with respect to the surface
is evident.
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dominated. Test exposures were performed on each polymer. After irradiation with a
dose of 25 J/cm
2
,
a thin PS film is insoluble. A typical value necessary for degradation of
PMMA is 3.4 J/em. 2 ' 13 Deep UV exposure of ordered P(S-b-MMA) should, therefore,
lead to a degradation of the PMMA block, whereas the PS matrix becomes insoluble.
The degradation products from PMMA can then be rinsed away, leaving a porous film.
Compared to the degradation of a PMMA homopolymer, the necessary dosage for
complete removal of the PMMA in the copolymer will be higher. Not only is the random
scission of the PMMA block required, it is also necessary that scission at the junction
point of the two blocks of the copolymer occurs so as to affect complete removal of the
PMMA block. With thin films, electron irradiation is also possible. In this case, the
required dosage is 500 ^iC/cm 2
.
Figures A.2 show AFM images (A and B showing height and phase, respectively)
obtained from a film after exposure to 25 J/cm 2 deep UV radiation. After exposure to
UV, the film was rinsed in acetic acid, a selective solvent for PMMA, and then rinsed in
deionized water. The image shows an ordered array of circular holes at the positions of
the cylinders. The structures can also be imaged by field emission scanning electron
microscopy (FESEM) with the advantage that cross sectional views from a fractured
surface can also be prepared. A top and a cross sectional view are shown in Figure A.3.
It is evident that the holes go through the entire film.
As mentioned above, an electric field was used to orient the copolymer
microdomains in thicker films. Since previous experiments were performed on films with
a typical thickness of 10 to 30 \xm, it is necessary to confirm that alignment in a one
micron film could be achieved. Scattering experiments can easily assess the orientation
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MM
Figure A.2 - AFM image obtained in tapping mode from a 40nm film of P(S-b-MMA) on
a neutral substrate upon annealing at 170 °C. Both height (A) and phase (B) images are
shown after degradation of the minor component with UV radiation (25J/cm2) and
subsequent rinsing with acetic acid. Holes at the original locations of the cylinders can
be clearly recognized.
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Figure A. 3 - Field emission scanning electron microscopy (FESFM) image obtained
from a 40 nm film of P(S-b-MMA) after removal of the PMMA block inside the
cylinders. Shown for (A) top view and (B) a cross-sectional view.
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of the microdomain structure m a thin film. When viewed from the side, a cylindrical
structure oriented normal to the substrate is periodic only in the lateral direction.
Correspondingly, the scattering pattern emerging from a sample measured at a finite
angle of incidence is strongly anisotropic. Figure A.4 shows an example of a neutron
scattering pattern obtained from a film with a thickness of 800 run, oriented in an electric
field of 25V/um. At an incidence angle a=45°, two strong equatorial reflection:
observed, representative of cylinders oriented normal to the surface plane corresponding
to a lattice parameter of 37 ran. At cc=0°, i.e. normal incidence, the scattering consists of
a uniform ring (independent of azimuthal angle) indicating that the sample consists of
grains of hexagonally close packed cylinders, oriented normal to the surface; however,
the lateral packing of the grains is random. An important issue for any nanostructure
application of the films is the axial extension of the cylinders, i.e. it is essential that
individual cylinders traverse the entire film thickness rather than forming unconnected
domains across the film. This issue is addressed in Figure A.4 (B), which shows a
transmission electron micrograph of a cross sectional view of an oriented film. The block
copolymer film is lying on top of a dark Au film, which helps to establish the direction of
the applied field. Reasonable contrast was achieved without staining due to partial
degradation of the PMMA under the electron beam. The brighter PMMA cylinders are
clearly discernible. They are oriented normal to the substrate and a substantial fraction
extends without defect from one surface to the other. Note that the upper surface shows
some roughness, caused by the removal of the upper electrode. The horizontal lines in the
image are knife marks having no structural relevance.
134
Figure A.4 - Small angle neutron scattering (SANS) pattern and cross-sectional TEM
image of a 800 nm film of P(S-b-MMA) after alignment of the cylindrical copolymer
microdomain with electric field. (A) SANS pattern - The two equatorial reflections
indicate a strong orientation of the microphase structure normal to the substrate surface.
(B) In the TEM image, the block copolymer film is lying on top of a dark Au-film that
was used as the bottom electrode. The upper electrode was removed. Cylinders oriented
normal to the substrate go all the way through the sample.
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It is clear from the results shown that, by a selective removal of the PMMA, an
ordered nanoporous material ean be produced if the surrounding PS matrix is
immobilized. FESEM images of the surface of a film that was exposed to 25W deep-
UV radiation, placed in acet,c acid, (a selective solvent for PMMA) for two hours and
then rinsed in deiomzed water, show an ordered array of circular holes, in keeping with
the electron microscopy and SANS results.
The SAXS patterns obtained from a P(S-b-MMA) film with cylinders oriented
normal to the film surface, before and after degradation of the PMMA, are shown in
Figure A.5. Prior to degradation, two weak equatorial reflections are seen at q = 0.027
A"
1
corresponding to a period of 23.2 nm. As usual, q is defined as q = (47r/X)sin0, where X
is the wavelength and 20 is the scattering angle. An azimuthal scan at this peak position
shows that the intensity of the scattering for the initial copolymer film is very weak in
comparison to parasitic scattering and the scattering arising from impurities within the
film or the electrodes. Arrows in the figure indicate the positions of the maxima. Shown
opposite to these data are the SAXS results obtained on the film after degradation and
removal of the PMMA. Clearly, the equatorial reflections have intensified substantially
due to the removal of the PMMA. There are several conclusions that can be drawn
immediately from these data. First, the retention of the equatorial reflections shows
unequivocally, that the microdomain structure of the copolymer has been retained, i.e. the
processing involved in the degradation and washing of the PMMA, did not cause a
collapse of the structure. This also shows that the orientation of the pores has remained
vertical. Lastly, the position of the maximum in q has not changed. Consequently, the
size scales of the features have not changed with the generation of the nanopores. More
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Figure A.5-SAXS patterns of a 1 urn P(S-b-MMA) cylindrical film after alignment of
the cylindrical copolymer microdomain with electric field demonstrating both before and
after removal of the PMMA material. The formation of voids leads to a large increase in
scattering intensity (~ 55x) that is consistent with an estimate based on electron densities.
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quantitatively, the peak intensity or the total integrated severing has inereased by a
faetor of 55, which, to within experimental error, is ,„ quantitative agreement with an
increase of the intensity by a faetor of 53 assuming complete removal of the PMMA.
This would not be the case if only part of the PMMA were removed or if the cylindrical
pores did not extend from one surface to the other. The enhanced scattering, also, permits
the observation of higher order reflections; S and V? of the fundamental,
quantitatively shows that the hexagonal packing of the cylinders normal to the film
surface is retained. 15
Electrodeposition in porous materials has been used previously to produce
nanowire arrays, in most cases, based either on track-etched membranes or anodized
aluminum. 16 ' 17 In comparison to the block copolymer templates introduced here, track-
etched membranes have a considerably lower pore density, and the pores are randomly
positioned and much less parallel. Porous anodized alumina templates can achieve
similar lateral densities 18 ' 19
,
although the production of well-ordered arrays requires
special etching procedures20
"22
or pre-patterned samples23
. The preparation of the
copolymer templates avoids the strong acid etching conditions necessary for anodizing
alumina and enables a pathway to the fabrication of nanowire templates. In addition, the
block copolymer introduces the flexibility to place the template on any conducting
surface. In contrast to anodized aluminum, there is no insulating barrier layer at the
bottom of the nanopores, such that direct dc electrical contact to the substrate is possible.
Additionally, the copolymer template is based on well-ordered equilibrium structures that
can be controlled by the macromolecular architecture, scaled by the molecular weight,
and generalized to other block copolymer microstructures. Because this process is
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chem1Cal in nature, this route is simple, parallel, eompatible with eurrent lithographic
processes, and amenable to mulilayered device fabrication.
Subsequent to the fabrication of a lum thick template via electrie field alignment
of P(S-b-MMA), the resulting nanoporous PS film is optically transparent and contains
14 nm diameter pores that span the film thickness. Electrodeposition24 "26 is an efficient
way to fill the large-aspect ratio nanopores with continuous metal nanowires. Further
work was published elsewhere27
,
that discusses in detail nanowire fabrication via this
procedure as well as the use of these nanowire arrays for measunng the magnetization
properties of these 14 nm diameter cobalt nanowires. Co and Cu nanowire arrays were
prepared by this method. Figure A.6 depicts this three-step nanowire fabrication
procedure. The templates were approximately half-filled, as followed by electron density
increase via SAXS, and thus have approximate aspect ratios (diameter/height) of -36.
Figure A.7 shows a cross-sectional FESEM image of these cobalt nanowires in the
polymer matrix. This process represents a simple, robust, chemical route to the
fabrication of ultrahigh density arrays of nanopores with high aspect ratios with wire
densities in excess of 1.9 x 10 11 wires per square centimeter.
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Figure A.6 - A schematic representation for the fabrication of high density nanowires
with large aspect ratio in a polymer matrix. (A) An asymmetric diblock copolymer
annealed under an applied electric field between two electrodes (B) Nanoporous film is
formed following UV exposure and subsequent removal of the minor component (C) By
electrodeposition, nanowires can be grown in the porous template, forming an array of
nanowires in a polymer matrix.
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Figure A.7
- A FESEM image of high-density cobalt nanowire fabrication in a polymer
matrix as outlined in Figure A.7. The bottom electrode is observed as a bright line in the
upper left hand corner. (Image courtesy Mustafa Bal).
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